Investigation of the dynamics and conformational changes of the U1A protein by Anunciado, Divina B.
 
 
 
 
 
 
 
INVESTIGATION OF THE DYNAMICS AND CONFORMATIONAL CHANGES OF THE 
U1A PROTEIN 
 
 
 
 
 
 
BY 
 
DIVINA BETINOL ANUNCIADO 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Chemistry 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2010 
 
 
 
Urbana, Illinois 
 
 
 
Doctoral Committee: 
   
 Associate Professor Anne Baranger, Chair 
 Professor Martin Gruebele 
 Professor Wilfred A. van der Donk 
 Professor Huimin Zhao 
 
 
  ii
 
 
 
 
Abstract 
 
 
The U1A-SL2 RNA complex is a model system for studying interactions between RNA 
and the RNA recognition motif (RRM), which is one of the most common RNA binding 
domains. Despite extensive studies conducted to study the origins of U1A-RNA affinity and 
specificity, little is known about the kinetics and mechanism of binding. This dissertation aims to 
help understand the contributions of dynamic processes to the U1A-RNA complex formation. 
The first chapter introduces the significance of studying RNA-binding proteins, and RNA-
Recognition Motif proteins in particular. It also presents the general dynamic processes that have 
been observed in RRMs. Chapter 2 is about the characterization of the dynamics of an essential 
helix in the U1A protein, helix C. The time-resolved anisotropy data obtained here supports the 
induced fit mechanism of binding. Chapter 3 describes the kinetic studies of dissociation of the 
U1A-SL2 RNA complex using laser T-jump and stopped-flow fluorescence methods. Analysis 
of the kinetic data suggested three phases of dissociation with two intermediate states. Chapter 4 
is a follow up study of chapters 2 and 3 to further investigate helix C dynamics. The 
experimental design makes use of tryptophan fluorescence quenching with histidine and 
cysteine. Chapter 5 explores the existence of cooperative interactions in the U1A protein. Taken 
together, all these results begin to build a comprehensive picture of the complex dynamic 
processes involved in the formation of an RRM-RNA complex.   
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CHAPTER 1 
RNA-Binding Proteins 
1.1 Introduction 
Proteins play essential roles in all main functions in a living cell1-3.  They bind and 
interact with DNA, RNA and other proteins to regulate processes such as the storage of genetic 
information, propagation of the genetic material, protein translation, protein folding and other 
cell regulating processes4-7.  The interactions of protein and RNA to form ribonucleoprotein 
complexes or RNPs to control gene expression 8.  Aberrant expression or functions of RBPs can 
have adverse effects on many biological processes such as splicing and protein translation 
because RBPs play critical functions in RNA metabolism1, 9-11. They can be bound transiently 
and influence spatial or temporal RNA dynamics12.  Disruption of the structure or function of 
RBPs can change pathways and can produce different and complex phenotypes.  Hence, it is not 
surprising that many RBPs are linked with human diseases from cancers to autoimmune and 
neurological disorders13.  There are more than 500 RBPs in humans and studies have shown that 
the lack or overproduction of RBPs in the cell cycle influences checkpoint defects, genomic 
instability and cancers14. Nova and Hu proteins have been associated with neurologic 
degeneration and FMRp with fragile X mental retardation13. In chronic myelogenous leukemia 
(CML), the aberrant expression and function of many RBPs have been observed, some of which, 
regulate mRNA metabolism.  These functions of RBP’s have suggested targeting RBPs that 
interact with 5’ or 3’ ends of UTR of specific mRNAs as a therapeutic approach. NOVA (neuro-
oncogenic ventral antigen) RBP coordinates with a set of mRNAs that encode multiple 
components of the inhibitory synapse in neurons. Defects in RBPs show neurodegenerative 
clinical manifestation especially in the brain where alternative splicing is prevalent13. These 
disorders are caused by either gain or loss of functions of these proteins14. It is, therefore, 
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important to determine how proteins and RNA recognize and bind each other in order to 
understand their functions in the cell. This understanding is essential for regulating and 
controlling protein-RNA interactions, which could be useful in basic and applied research. 
1.2 Common RNA-Binding Domains (RBD) 
The varied and diverse functions of RNA-binding proteins suggest a large diversity in 
their structures.  However, most RBPs have conserved modular structures15. The binding of 
proteins with diverse targets is accomplished by using multiple copies of these modules as well 
as their different structural arrangements to accommodate the RNA.  The use of multiple 
domains confers a protein with the ability to bind targets with higher affinity and specificity 
compared to having an individual domain which binds RNA with weaker affinity15.  The length 
of the linkers between multiple domains also influences recognition. A shorter linker can favor 
the pre-organization of a less flexible structure and a better surface for RNA contact. A longer 
linker can allow conformational flexibility of the domains and can bind to preferred RNA sites 
with varied lengths and structures.  
The characterization of numerous RNA-binding proteins involved in the post-
transcriptional regulation of gene expression led to the identification of several RNA-binding 
motifs or domains. Several RNA-binding domains will be described below but more focus will 
be given to the RRM (RNA-Recognition Motif) family of proteins. The most common RNA 
binding domains are the RNA Recognition Motif (RRM, RBD or RNP), K-Homology (KH) 
domain, Zinc finger, RGG box, DEAD/DEAH box, Pumilio/FBF (PUF) domain, double-
stranded RNA binding domain (DS-RBD), and the Piwi/Argonaute/Zwille (PAZ) domain16, 15, 14, 
17, 18.  Several RNA binding domains are suggestive for the molecular function of the RBP; 
DEAD/DEAH box for RNA helicase activity, PAZ domain for short single-stranded RNA 
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binding in RNAi or microRNAs (miRNA) processes, and Sm domain for snRNA binding in 
splicing and possibly in tRNA processing10, 19, 5. 
1.2.1 The RNA-recognition motif or RRM  
1.2.1.1 The RRM defined 
The RRM is the most widely-found and best-characterized RNA binding domain in terms 
of structure and biochemistry20, 21.  It is thought to be an ancient protein structure with an 
important function because it is found in all life  kingdoms including animal, plant, fungal, viral 
and bacterial cells and in many organelles where there is RNA18, 22.  RRMs are involved in post-
translational gene expression processes where they bind their targets such as pre-mRNA, mRNA, 
rRNA and snRNAs with varied affinities and specificities23. A typical RRM is composed of 80-
90 amino acids.  Its identifying feature is the presence of two highly conserved stretches of 
amino acids called the RNP consensus sequence, RNPs 1 and 2, at the central sequence24. These 
highly conserved residues are mainly aromatic and positively charged 25, 24.  In eukaryotes, RRM 
is one of the most abundant protein domains 26.  In humans,  0.1-0.5% of the genes have been 
found to have an RRM and 497 proteins were found to contain at least one RRM21.  In the past 
decade, studies have shown that RRMs are not only involved in RNA and DNA recognition but 
also in protein interactions23. Its association with different nucleic acid sequences and protein 
domains make the RRM modulate its affinity, diversity and specificity in biological functions21. 
1.2.1.2 The RRM structure and binding domain 
The RRM adopts a typical β1α1β2β3α2β4 topology that forms a -sheet with four anti-
parallel β-strands supported by two α-helices (Figure 1-1).  The consensus sequences, RNP1 and 
RNP2, are located in the central β3 and β1 strands of the β-sheet, respectively.  Most of the 
conserved residues are in the hydrophobic core except for those in RNPs 1 and 2, that contribute 
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to binding27 28, 29.  The charged and aromatic amino acids in the RNPs interact with the RNA by 
hydrogen bonding and by electrostatic interactions29, 18, 30. NMR and X-ray crystal structures 
reveal variations in RRMs particularly in the loops between secondary structure elements, which 
differ in lengths and are mostly disordered in the free form21. In the structures of many RRMs, 
including the La C-terminal RRM31, U1A N-terminal RRM32, CstF-64 RRM33, PABP34, the C-
terminus forms a helical structure that occludes the surface of the β-sheet.  
 
 
Figure 1-1. Structure of the RNA-Recognition Motif of the N-terminal U1A protein (pdb 
1FHT). The β-strands are shown in yellow, α-helices in purple and other variable regions in 
cyan28. 
 
The β-sheet, the loops connecting the β-strands and the N and C-termini of the RRMs 
represent the structural elements for RNA binding35. The conserved residues in the RNPs are 
crictical for binding but do not affect the binding specificity between different sequences35. 
Overall, the β-sheet of the RRM constitutes the general RNA binding surface and the loops and 
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other variable regions determine the specificity. This explains why RRMs bind to very diverse 
RNA sequences with varied affinities.  
1.2.1.3 Multiple RRM interactions 
 Most RRM proteins contain multiple RRMs and use two or more domains to recognize 
longer nucleotide sequences, form a larger binding platform and achieve a higher affinity. 
Structural data reveal tandem RRMs bound to their RNA targets including Sex-lethal36, HuD37, 
PABP34 and nucleolin38.  The sex-lethal protein, Sxl, is considered as the master sex switch that 
plays a role in sex determination in Drosophila melanogaster and is only present in females39. It 
induces female-specific alternative splicing of the transformer (tra) pre-mRNA by binding to 
adjacent uridine-rich sequences or Py-tracts, leading to exon skipping in Sxl40. Sex-lethal protein 
consists of 354 amino-acid residues and has two RRMs (with conserved RNPs 1 and 2 with 
approximately 80 amino acid residues18.  The two RRMs cooperatively bind to a 12-nucleotide 
single-stranded RNA from the tra polypyrimidine tract. The crystal structure showed that the 
RBDs recognize the sequence through extensive interactions with both the bases and the 
backbone moieties but there is no intramolecular base-pairing observed36. 
 
Figure 1-2. The crystal structure of the two RNA-binding domains of Sex-lethal (Sxl) protein of 
Drosophila melanogaster bound to a 12-nucleotide, single-stranded RNA derived from the tra 
polypyrimidine tract (pdb: 1B7F).36 
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 The two RRMs interact with each other in the free form while in the complex, they 
rearrange such that their β-sheets face each other forming a V-cleft (Figure 1-2).  The RNA is 
extended and bound in this cleft in a way that the UGUUUUUUU sequence is specifically 
recognized by the protein.  The Sxl complex is a stable complex and serves as a model complex 
formed for a specific recognition of  a long and continuous sequence of RNA with no base 
pairs36.  Hrp1 protein is another RRM that generates an extended RNA- recognition interface 
using two RRMs in tandem15 (Figure 1-3).  When free, the two domains are rigid and 
independent while in the complex, the short flexible linker helps them to position themselves to 
create a compact recognition surface upon RNA binding, where both protein and RNA undergo 
conformational changes15.  
 
Figure 1-3. Structure of 2 RRMs of Hrp1 protein in yeast bound to (AU)8 RNA (pdb 2CJK).15 
 
1.2.1.4 The U1A as a model system of RRM 
 The U1A protein is a component of the U1 small nuclear ribonuceoprotein particle (U1 
snRNP) in the spliceosome41. Although it has two RRMs, the N- and the C-terminal domains, 
only the N-terminal is required for RNA binding42, 35. It binds to a single-stranded RNA element 
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AUUGCAC in the U1 snRNA stem loop 2 with very high affinity (KD ~10-11 M) 43. This binding 
is essential for initializing spliceosomal assembly during pre-mRNA splicing. U1A also binds to 
a similar sequence in two adjacent internal bulges in the 3’-untranslated regions of its own pre-
mRNA as an autoregulatory activity to prevent its own polyadenylation35. In both complex 
structures, the bases of the single-stranded loops are exposed to the surface of the β-sheet44, 45 
Extensive biochemical and thermodynamic studies have been conducted on the U1A N-terminal 
RRM which is now used a model system for studying RRM-RNA interactions because of its 
high affinity RNA binding by a single RRM35, 8, 46-48.  It recognizes the 7-nucleotide 
(AUUGCAC) of the U1 stem loop RNA with Kd ≈ 10-11M 43, 49, 50. NMR and X-ray structures of 
the free and bound U1A showed that the bases in the RNA are exposed and bind to conserved 
aromatic residues in the β-sheet of the U1A44, 45.  Fourteen direct and water-mediated hydrogen 
bonds were observed between AUUGCAC and U1A.  Bases G9, C10 and A11 stack with the 
conserved Gln 54, Tyr13 and Phe 56 44(Figure 1-4A and B). These aromatic residues are 
conserved in most RNPs except for Gln5445. The conserved amino acids provide the binding 
affinity in RRMs while the variable regions such as the loops and other disordered structures 
dictate the specificity.  The stacking of the bases may help to control the positioning of the bases 
and the loop as a whole on the binding surface of the protein.  Electrostatic interactions are 
believed to make large contributions to the complex free energy. The binding affinity of the SL2 
decreased 200-fold when the salt concentration was increased from 250 mM to 500 mM51. The 
double stranded-stem of the U1 SL2 RNA (Figure 1-4C) restricts the conformation of the loop 
and reduces entropy loss upon protein binding while the C-G base-pair closing is crucial for 
positioning the RNA43. Even with the presence of a recognition sequence, but only single-
stranded 23-mer RNA with no base pairs, the U1A protein binds with a much weaker (104-fold) 
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affinity. Overall, the U1A is a good model to study RRM-RNA interactions because even if the 
binding interface of the complex is relatively small, and the binding involves an entropically 
costly disorder-to-order transition, the U1A-SL2 RNA complex forms with high affinity and 
specificity. 
 
Figure 1-4.  a) Stacking interactions of conserved residues in the B-sheet. b) Electrostatic 
interactions, hydrogen bonds, and stacking interactions are highlighted in this figure. c) 
Sequence of the stem-loop 2 U1 snRNA where the recognition sequence is highlighted in red.  
 
1.2.2 K-homology domain  
The K-homology domain is known as the (hn) RNP KH domain because it was originally 
found as a repeating sequence in the hnRNP K and is believed to be an evolutionary conserved 
domain52.  Each domain is composed of 70-100 amino acids that form a βααββ (type 1) or 
αββααβ (type 2) fold to bind to single-stranded DNA or RNA.  In both types of KH domains, 
four nucleotides are recognized in a cleft formed by the GXXG loop including the flanking 
helices and the β-strand that follows α2 (type I) or α3 (type II). The αβ topology is formed by a 
three-stranded β-sheet that is packed against two or three α-helices. The loop between β2, β3 and 
a GXXG or loop between α2 and β2 forms a hydrophobic pocket that serves as the binding 
interface for single-stranded RNA. The complex is stabilized mainly by hydrophobic interactions 
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between the non-aromatic amino acids and nucleobases, and the hydrogen bonds and 
electrostatic contacts between the sugar-phosphate backbone of the RNA to the GXXG loop. 
Because this binding domain lacks aromatic amino acids, the recognition is achieved by 
hydrogen bonding, electrostatic interactions and shape complementarity. NusA is a transcription 
factor with 2 KH domains separated by a three nucleotide linker. Each domain recognizes four 
nucleotides.  In the complex, the two domains make extensive contact with each other to create a 
larger binding surface to recognize an 11-nucleotide RNA (Figure 1-5).  An S1 domain extension 
at the N-terminal of KH1 provides additional contacts with the RNA 
 
Figure 1-5.  Structure of NusA in which KH1 is in purple and KH2 is in cyan; the short linker in 
yellow allows the two KH domains to orient themselves with respect to each other upon binding 
RNA (pdb: 2ATW).15 
 
1.2.3 Zinc finger (ZnF) domain  
The zinc finger domain is a small protein motif with an αβ topology with finger-like 
protrusions that make tandem contacts with their target molecule. It is rich with Cys- or His- 
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sequences that chelate zinc, iron, or although metal chelation is not always present. The multiple 
domains can have the sequence Cys-2-His-2(CCHH), CCCH, or CCHC. The binding properties 
depend on the amino acid sequence of the finger domains and the linker between the fingers, as 
the number of fingers, and the higher-order structure of the protein. Zinc-binding motifs are 
stable structures, and they rarely undergo conformational changes upon binding their target53-55.  
The transcription factor TFIIIA contains nine zinc fingers, one of which is the zinc-finger linker 
that is crucial for substrate recognition. ZnFs 1-3, 5 and 7-9 interact with DNA and ZnFs 4-6 
with 5S RNA56, 57.  In the TFIIIA- 5S RNA complex, ZnFs 4 and 6 interact with the RNA while 
ZnF5 serves as a spacer that contacts the RNA backbone and the side chains of its α-helix 
(Figure 1-6). The bridging of ZnF5 to loops E and A of the 5S RNA facilitates their recognition 
by ZnFs 4 and 6. 
 
 
Figure 1-6. TFIIIA-RNA complex showing ZnF5 (pink) functions as a spacer to position 
zinc fingers 4 (teal) and 6 (yellow) for recognition of loops A and E; PDB 1UN615. 
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The residues in the helices serve as the site of recognition with the aromatic amino acids forming 
hydrophobic binding pockets and the side chains forming electrostatic interactions and hydrogen 
bonds with the RNA backbone. Stacking interactions are also common between this domain and 
RNA15. 
1.2.4 Double-stranded (ds)RBD  
This protein domain is found in bacteria and eukaryotes58. It is composed of ~70-90 
amino acids that form an αβ topology forming an  structure in which a three-stranded 
antiparallel -sheet is supported by two -helices15, 59. The binding interface includes α-helix 1, 
which provides specificity to bind to stem loops, base mismatches and bulges, the N-terminal 
end of α2, and a loop connecting β1 and β2. The N-terminal end of α-helix 1 makes specific 
contacts with the RNA and these contribute substantially to binding affinity. The dsRBD binds 
across the minor grooves and the major groove on one side of the ds-RNA helix. The shape of 
the ds-RNA dictates the specificity of recognition across the two successive minor grooves and 
major groove on the surface of the dsRNA helix through contacts with the sugar backbone60, 61.  
Compared to other RBDs, the majority of the interaction here are non-sequence specific because 
these are mainly between the 2’-OH groups and phosphate backbone62. The yeast Rnt1 dsRBD 
binds to an RNA helix capped by an AGNN tetraloop (Figure 1-7). The specificity of Rnt1 is 
mediated by the interaction of its N-terminal helix to the stem loop of the A-form RNA. In the 
leftmost part of the figure of structure, a conserved protein loop interacts with 2’-OH groups in 
the RNA minor groove, while the highly-conserved Lys and Arg residues at the end of the longer 
helix recognize the position of phosphate atoms that are characteristic of an A-form helix15. 
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Figure 1-7.  Structure of the yeast Rnt1 dsRBD bound to an RNA helix (pdb: 1T4L).15 
 
1.2.5 PAZ and PIWI domains (PPD) 
The PPD protein family is highly conserved in most eukaryotes and is categorized 
according to sequence similarities into two subgroups: those that resemble Arabidopsis 
Argonaute 1 (Ago1) and those that are similar to Drosophila Piwi63. They function in RNA 
processing during RNA interference (RNAi) and miRNA biogenesis. They have probably 
evolved to have unique features so that they can identify and recognize their target RNAs in a 
sequence-independent way. The PAZ, in Ago proteins, cleaves the RNA-induced silencing 
complex (RISC) and degrades the RNA targeted for silencing (Figure 1-8).  It recognizes a 
highly conserved pocket with a metal ion bound to a C-terminal carboxylate.  The PIWI domain 
anchors and binds the mRNA in the RNAi-RISC complex to position it for degradation.  For 
these domains, stacking and H-bonding interactions are used to recognize the single-stranded 3’-
overhang, while the conserved pocket with the metal ion is responsible for recognizing the 5’-
phosphate group in the siRNA guide strand. The association of the PAZ domain with the 3’-
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overhangs of miRNAs is due to the binding pocket formed between the surface of a β-barrel and 
the conserved β3β4α3. 
 
Figure 1-8. Crystal structure of the PAZ domain of human eIF2c1 in complex with a 9-mer 
siRNA-like duplex; Structural basis for overhang-specific small interfering RNA recognition by 
the PAZ domain15; pdb 1SI3. 
1.3 Dynamics of RNA-Recognition Motif-RNA interactions 
The spatial and temporal changes in biomolecules dictate their functions in biological 
systems. Numerous processes depend on the relay of information through conformational 
changes of proteins and nucleic acids that are involved in ligand binding, molecular recognition, 
folding and assembly, and catalysis.  The most challenging problem in understanding biological 
processes in the molecular level is the explanation of how biomolecules attain their active 
conformations – the forms and the timescales that are required to effect functions.  An example 
is how the activity of an enzyme depends on its conformation and flexibility64. It is important to 
understand the dynamics of an enzyme and its environment including the rapid local motion and 
slow global fluctuations that it undergoes. These motions are an essential aspect of an induced fit 
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model and flexibility is a requirement for the catalytic activity65. The relationship between 
structure and dynamics is not well-understood in many biological processes.  
Structures of RNA-protein complexes provide a general overview on the mechanisms of 
intermolecular interaction but do not necessarily answer the questions about the origins of 
binding affinity and specificity.  It was observed that RNA-protein binding interfaces are not 
rigid but rather flexible.  Structural and conformational changes occur in RNA-protein binding66, 
67. These dynamical changes are found in the loops, side chain rearrangement or movement of 
one subunit or of the whole domain68, 16, 51. The binding of proteins to RNA promotes RNA 
folding and secondary structure formation.  In most cases, the secondary structure controls the 
binding so that the bases are oriented to favor interactions with the protein69.  The binding 
interface is composed of direct or water-mediated H-bonding, non-polar interactions, and proper 
positioning of both RNA and protein.  The exposed nucleotides in the loops of single-stranded 
RNA can bind and stack with aromatic side chains in the β-sheet of the protein. If the β-sheet 
provides the binding surface, the loops and other variable regions in an RRM can extend the 
secondary structure and expand the binding surface.  Induced conformational changes in 7SL 
RNA, a component of the human signal recognition particle (SRP), upon binding to its target 
proteins showed protection of several nucleotides in the complex that were susceptible to 
hydroxyl radical cleavage when free from the protein70.  In the free form, RNA loops and protein 
helices were susceptible to cleavage and chemical modification but become inaccessible in the 
complex. This denotes structural rearrangement of these loops and helices upon complex 
formation70.  
1.3.1 The U1A Dynamics 
Loop 3 dynamics 
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Both the RNA and the U1A undergo large conformational changes upon binding to favor 
intra- and intermolecular contacts. The NMR structures showed that the free and bound stem 
loop II (SL2) RNA are significantly different particularly in the loop region of the hairpin48. In 
the free form, the RNA is unstructured but forms a stable stem-loop upon U1A binding44. Most 
of the conformational changes between the free and bound protein structures occur in loop 3 and 
helix C (Figure 1-9). 
 
Figure 1-9. Overlay of the free and bound U1A structures; pdb 1URN and 1FHT44, 28. 
 
The β2-β3  loop, loop 3 in the U1A, is long and flexible and is common to RRMs and 
plays a role in binding specificity.  It allows a significant conformational change from order to 
disorder or vice-versa transitions upon RNA binding. Loop 3 of the U1A protrudes through the 
RNA loop in the complex and positions the N-terminus of β3 close to the G-C closing base pair.  
Loop 3 is unstructured without the RNA44, 28. Structural analysis of the free and bound forms of 
U1A performed by Ellis, et. al showed that only 28% of the amino acids in U1A exhibit 

 
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variability in conformation upon binding and that 68 of 94 residues are not variable51. The amino 
acids in the binding interface were mostly invariant.  
Helix C dynamics 
The presence of a C-terminal helix is common in RRMs. It is also found in hnRNP F, 
CSFT64, La protein, human cleavage-stimulation factor 64 (CSFT64), yeast Hrp1, HuD and 
poly-A binding and U1A proteins37, 34, 71, 72 (Figure 1-10). The C-terminal domain (CTD) of the 
human La protein (residues 225-334) is an RRM with a binding surface composed of five anti-
parallel -strands and a C-terminal -helix73 (Figure 1-10). The helix C in La (308-325) is 
connected to B4 by a short linker and extends five turns to lie across the top half of the B-sheet. 
The position of this helix is stabilized by hydrophobic interactions with the B-sheet between 
V310, A314, I318 with L233, W261, I272, L274 and L306, that buries an 890Å2 surface. The C-
terminal turn of helix C is not well-defined and motions on the ps-ns timescale have been 
reported72. 
 
 
 
 
 
 
Figure 1-10. RRMs with C-terminal helices; PDB IDs 1FHT, 1OWX and 2EVZ72, 73. 
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The CstF64 protein is part of the polyadenylation apparatus. It binds to GU-rich RNA 
using two RRMs augmented by two C- and N-termini helices (Figure 1-11). The C-terminal 
helix is composed of the 94-105 residues and is a three-turn helix. It lies perpendicular to the B-
sheet occluding the RNA recognition surface. Upon RNA binding, helix C (starting from residue 
44 and up) unfolds and extends into a hinge domain where possible interactions with factors for 
polyadenylation can occur. Significant conformational changes were also seen in the B2, B4, and 
loop between B4 and helix C. This is in contrast with what has been observed with the U1A 
where motion is quenched in the complex. The unfolding of helix C in CstF64 may be necessary 
for GU binding and acts as a switch in initiating the assembly of the polyadenylation complex.  
 
Figure 1-11. Recognition of GU-rich polyadenylation regulatory elements by human 
CstF-64 protein; NMR Structure of the N-terminal RRM domain of Cleavage stimulation factor 
(CstF) 64 KDa subunit (Pdb 1P1T). The α-helices are shown in purple and the β-strands are 
shown in peach. 
 
The largest conformational change was observed for helix C, which contains nine 
residues that contact RNA, is displaced by 5.0 Å upon binding RNA. Asp92 also undergoes a 
 
 
18
large conformational change upon binding RNA of 2.4Å74, 51. Helix C moves away from the β-
sheet to accommodate and provide the binding surface for the RNA. The effect of helix C motion 
or its change in conformation on the molecular recognition process is not fully understood yet.  
Helix C in U1A is a short helix with only two complete turns and lies diagonally across the 
central portion of the β-sheet surface. This interaction is stabilized by hydrophobic interactions 
between I93, I94, M97 in helix C and M51, L44, F56 and I58 on the surface of the -sheet, with 
a buried surface area of 590 Å2. It is believed that helix C shields the hydrophobic -sheet from 
water and is, therefore, important for minimizing protein aggregation.  While helix C in other 
RRMs do not participate in recognition and binding with RNA, helix C in U1A has some 
contacts with the RNA and reorganizes upon RNA binding. Molecular dynamic (MD) simulation 
studies showed that the U1A complex formation is defined by  induced fit mechanism where the 
protein structure is pre-organized for binding while the RNA structure is strained in the 
complex75 (Fig. 1-12).  
 
                                   A       B 
Figure 1-12. A) structure of the U1A protein showing the positions of helix C and loop 3; B) 
U1A-SL2 RNA complex – PDB IDs 1FHT and 1URN28, 44. 
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1.4 Research Objectives 
It is important to gain information on the RNA-protein molecular recognition processes to 
have better understanding and knowledge about their roles in the gene regulation and in RBP-
associated diseases. This knowledge will help improve strategies in catalysis, drug design and 
biomolecular engineering. Our research goals include understanding RNA-protein interactions 
with an emphasis on the dynamic and structural changes that the protein undergoes upon 
binding. We would like to understand the origins of the recognition process, including the 
contribution of sequence to the coupled folding and binding involved in complex formation. We 
would like to understand the correlation of dynamics and conformational changes to binding 
affinity and specificity.  
We have studied the dynamics of the U1A, particularly its helix C, using time-resolved 
fluorescence spectroscopy. Some information that we obtained was not provided by the 
snapshots and static structures of NMR and X-ray crystallography. Our time-resolved 
fluorescence anisotropy and mutational studies on helix C have supported the induced fit 
mechanism of binding and not conformational capture.  However, our data is limited in the short, 
ns-timescale. Processes that occur in the longer time-scale were beyond the detection of the 
technique. We also have reported that the dynamics of helix C is not transitioning between the 
closed conformation (as seen in the free form) and the open conformation (seen in the bound 
form) but is rather dynamic within the closed conformation. Hence, the open conformation seen 
in the reported structures must be a result of an induced fit by RNA binding. The details of this 
study are discussed further in Chapter 2.   
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Chapter 3 is focused on the U1A dissociation kinetics by T-jump and stopped-flow 
fluorescence methods. Our data from these techniques suggest a dissociation mechanism 
composed of at least three steps that occur at approximately 100 µs, 50 ms and 2 s timescales.  
We have assigned the first step as the fast rearrangement of the RNA in the U1A binding groove 
– a transition of a more loosely and a more tightly bound protein-RNA complex.  The second 
step is the association-dissociation reaction and the final step is the rearrangement of helix C 
docking against the binding site and quenching tryptophan fluorescence.  If the last step is indeed 
due to helix C conformational change, then this result seems to support a conformational 
selection mechanism, in contrast to our findings in the anisotropy studies.  However, these 
studies were conducted at different timescale detections and their results should complement 
each other.  Chapter 4 further probes the helix C dynamics by exploring tryptophan quenching 
and chapter 5 studies the contribution of sequence to the binding affinity and the existence of 
cooperative interactions in the U1A system. 
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Chapter 2 
Characterization of the Dynamics of an Essential Helix in the U1A Protein By Time-Resolved 
Fluorescence Measurements*  
2.1 Introduction  
The RRM is modulated in different proteins to recognize single-stranded RNAs with diverse 
sequences and in a variety of structural contexts. While specific amino acid side-chains are observed to 
contact RNA in structures of RRM-RNA complexes, more subtle structural factors, including 
conformational changes and dynamic processes, may also be important contributors to binding affinity 
and specificity1-3. The -sheet in RRMs has been shown to provide the binding surface but the presence 
of loops and other variable regions provides target specificity4. A C-terminal helix that contributes to 
complex formation is often present in RRMs. This C-terminal helix plays diverse roles in different 
RRMs. For example, in the U1A protein, helix C changes position upon binding RNA5, 6. A truncated 
form of the U1A at residue 91 does not bind RNA7, truncation at residue 95 reduces the binding by 30-
fold8 and substitutions of Lys at 96 and 988 with Gln reduced the binding affinity. These findings 
indicate that helix C is essential to U1A and it contributes to its binding specificity. In contrast, in CstF-
64, helix C unfolds upon binding9, 10, whereas in the Sex lethal, HuD, nucleolin, and Poly(A)-binding 
protein RRMs, unstructured C-terminal regions form helices upon binding RNA11-15. Thus, the C-
terminal amino acids of RRMs comprise a variable region that may contribute to specific RNA 
recognition through participation in dynamical processes. 
The U1A protein is a component of U1 snRNP, a subunit of the spliceosome16, 17. U1A binds 
with high specificity to two related target sites, stem loop 2 of U1 snRNA (SL2 RNA) and an internal 
loop region in the pre-mRNA of U1A.18-20 Although U1A contains two RRMs, only the N-terminal 
RRM has been observed to bind RNA.21, 22 The N-terminal RRM of U1A has been structurally 
characterized free and bound to SL2 RNA by X-ray crystallography and NMR spectroscopy5, 6, 23. A 
comparison of the free and bound structures suggests that recognition requires extensive conformational 
                                                 
* Text taken from the Journal of Physical Chemistry B, 2008, 112, 19, 6122-6130) 
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changes in both the protein and RNA. A significant component of the protein conformational change 
occurs in the orientation of helix C (D90-K98) (Figure 2-1). In the NMR structure of U1A in the 
absence of RNA, helix C interacts with conserved residues in the RNA binding region on the surface of 
the β sheet that is the primary site of RNA recognition5, while in the complex helix C is positioned away 
from the -sheet surface6.  
 
Figure 2-1. Diagram of the superposition of the free and bound conformations of the U1A protein6, 5. 
The red structure is of the free form of U1A while the blue one is the structure of U1A in complex with 
SL2 RNA. 
The role of the conformational change of helix C in complex formation is not clear. For 
example, the protein may be captured by the RNA while helix C is transiently in the open conformation 
or the RNA may induce the observed conformational change upon binding. Energy calculations based 
on molecular dynamics (MD) simulations have suggested that the stabilities of the open and closed 
structures are comparable24. The X-ray structure of a construct of the free protein with a relatively short 
helix C sequence showed that helix C is in the open conformation, supporting the result from MD 
studies that the open and closed structures are of similar stabilities23. Fluorescence and NMR 
experiments and MD simulations have suggested that helix C retains significant flexibility in the free 
 
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U1A, although the time scale and range of dynamical motion has not been well-characterized25-27. 
Mutational studies have shown that helix C contributes to binding affinity and specificity of the U1A 
protein for SL2 RNA and participates in cooperative networks of interactions with other residues 
involved in RNA binding28, 29. Studies using NMR, MD, and reorientational eigenmode dynamics 
techniques have suggested that these cooperative networks may originate in correlated dynamics 
involving helix C30, 27, 31, 32. Thus, the dynamical properties of helix C in the free protein are likely to 
make important cooperative contributions to RNA recognition by the U1A protein. 
In this study, we report time-resolved fluorescence anisotropy experiments of a U1A construct 
containing Trp in helix C to directly investigate the dynamics of helix C on the ps-ns time scale and to 
probe the influence of protein mutations on the dynamics of helix C. The anisotropy experiments were 
performed by Prof. Joseph Knee at Wesleyan University in Middletown, CT, as part of a collaborative 
work while Bethany Kormos, Ph. D., conducted the molecular dynamics simulations on the U1A Trp 
mutants. The identification of the segmental dynamics of helix C in the U1A protein is supported by 
comparison to a U1A protein labeled with Trp in the stable -sheet, rather than the C-terminal helix. 
The data suggests the cone angle of motion of helix C to be 20°, which is similar to the cone angle 
predicted from molecular dynamics simulations performed on the U1A protein24, 33. Mutation of an 
amino acid on the surface of the -sheet that contacts helix C or an amino acid in the hinge region 
between helix C and the remainder of the protein destabilizes the complex, but does not dramatically 
alter the dynamics of helix C. Together these results suggest that helix C is not equilibrating between 
the closed and open form on the nanosecond time scale, but is undergoing a more limited degree of 
dynamical motion within the closed conformation that is relatively insensitive to mutation of residues 
that contact the helix or link the helix to the remainder of the protein. 
2.2 Results 
2.2.1 Selection of positions to incorporate Trp in helix C of the U1A protein 
The first objective was to establish if there was a measurable anisotropic fluorescence decay 
associated with the motion of helix C of U1A. The fluorescent label Trp was introduced into helix C at 
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three positions, Ala95Trp, Lys98Trp, and Gly99Trp, which were chosen to minimize disruption to the 
free or bound structures, while being positioned within or adjacent to the well-structured part of helix C 
(Figure 2-2). The anisotropy decay signals from different labeled proteins were compared in order to 
distinguish between contributions from the motions of the indole side chain, which may differ between 
the three positions, and the motion of helix C, which should remain constant in the three labeled 
proteins. The binding of Lys98Gln U1A protein for SL2 RNA has been found previously to be 10-50-
fold weaker than that of the wild type protein34, while deletion of residues 98-101 reduced binding 
affinity only 2-fold29. The binding affinities of U1A proteins containing mutations of Ala95 or Gly99 
have not been reported previously.  
 
Figure 2-2. Diagram of the structure of the free U1A protein showing the positions of incorporation of 
Trp into helix C: Ala95, Lys98, Gly99, and Phe56. 
 
2.2.2 Characterization of U1A proteins containing Trp labels 
Circular dichroism (CD) spectra of the wild type and Trp-labeled U1A proteins (amino acids 2-
102) were similar and stable until 80 °C, suggesting that the three Trp-labeled proteins are stably folded 
with structures that are similar to the wild type protein. Gel mobility shift assays were performed to 
investigate the effect of the Trp substitutions on the ability of the proteins to bind RNA. The binding 
affinities of the labeled proteins were within error of that of the wild type U1A Lys98Trp (Figure 2-3 
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and Table 2-1). Thus, the CD and binding experiments suggest that the Ala95Trp, Lys98Trp, and 
Gly99Trp U1A proteins are similar to the wild type protein. We performed most of the experiments 
reported here with U1A proteins labeled with Lys98Trp because the Trp label is one residue closer to 
the main body of the protein than in Gly99Trp and preliminary CD experiments on peptide models of 
helix C suggested that the helix containing the Ala95Trp substitution may be less structured than helices 
containing Lys98Trp or Gly99Trp substitutions.  
 
Figure 2-3. A. Examples of gel mobility shift analyses of the Lys98Trp and Gly99Trp U1A proteins 
binding to SL2 RNA. In each gel, the slower moving band is the complex and the faster moving band is 
the free RNA. The highest protein concentration was 6.5 µM for Lys98Trp and 6 µM for Gly99Trp 
proteins, and a 0.25 serial dilution of the protein was performed in each case. B. Plots illustrating the 
fraction of SL2 RNA bound as a function of U1A protein concentration: wild type ( ), Lys98Trp ( ), 
Gly99Trp ( ), and Ala95Trp ( ). 
Table 2-1. Binding affinities of mutant U1A proteins for SL2 RNA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aKD values are the average of at least three independent experiments. Standard deviations determined 
from the independent measurements are reported. bG is the free energy of association of the complex. 
 
Peptide KD (M)a G (kcal/mol)b 
wild type 2 (±1) X 10-10 -13.2 ± 0.2 
A95W 3 (±1) X 10-10 -12.9 ± 0.3 
K98W 4 (±1) X 10-10 -12.8 ± 0.3 
G99W 4 (±2) X 10-10 - 12.8 ± 0.4 
F56A/K98W >6 X 10-6  
D90A/K98W 3 (±2) X 10-9 -11.7 ± 0.3 
D90G/K98W 4 (±3) X 10-8 -10.1 ± 0.6 
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2.2.3 Steady-state fluorescence of U1A proteins containing Trp labels 
The steady state fluorescence spectra of the Lys98Trp, Gly99Trp, and Ala95Trp proteins are 
similar with emission maxima of 356 nm when excited at 295 nm (Figure 2-4). The emission maxima 
are relatively independent of excitation wavelength (data not shown). A value of 356 nm for the 
emission maxima suggests significant solvent exposure of the Trp side chains, which is consistent with 
the location of Trp in helix C at positions that do not contact the surface of the -sheet in the free form 
of the protein (Figure 2-2)35. As a control for the fluorescence experiments, we investigated a U1A 
mutant containing Trp in the -sheet, rather than in helix C, Phe56Trp (Figure 2-2). We previously have 
found that the Phe56Trp mutation does not alter the stability of the complex within experimental error36. 
The fluorescence properties of this protein have been reported previously by Hall and coworkers25. The 
emission maximum of the Phe56Trp U1A protein is significantly blue shifted compared to the proteins 
containing Trp in helix C (Figure 2-4). In addition, the emission maximum varies with excitation 
wavelength (data not shown). These results are similar to those reported previously and indicate that the 
Trp in Phe56Trp is less solvent accessible than those in the Ala95Trp, Lys98Trp or Gly99Trp proteins, 
presumably in part due to interactions between the surface of the -sheet and helix C.  
 
 
Figure 2-4. Steady state fluorescence spectra of Lys98Trp (light blue), Gly99Trp (blue), Ala95Trp 
(black), and Phe56Trp (red) proteins (1 µM) using a exc of 295 nm at 25 °C in 50 mM KCl and 10 mM 
K2HPO4 (pH 7.4). 
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2.2.4 Time-resolved fluorescence anisotropy measurements 
Time-resolved fluorescence anisotropy experiments were performed with the U1A proteins 
labeled with Trp in helix C to probe helix C motion (Tables 2-2 and 2-3 and Figure 2-5). Time-resolved 
fluorescence anisotropy is a well-established method to measure dynamics on the picosecond to 
nanosecond time scales in proteins and protein-nucleic acid complexes37-41. For example, methods that 
are similar to the ones reported here have been used to characterize segmental motion of -helix N in 
DNA polymerase 39. We performed experiments with both Lys98Trp and Gly99Trp U1A proteins, 
because we expected that comparison of the data from proteins labeled at two positions in helix C 
would contribute to a reliable assignment of the segmental dynamics of helix C. In addition several 
anisotropy experiments were run on the Ala95Trp mutant and the results were similar to the Lys98Trp 
and Gly99Trp mutants, although not reported in detail since they were run at an earlier time using 
slightly different experimental methodologies. As a control experiment for the anisotropic decay 
associated with helix C motion, we investigated the U1A mutant containing Trp in the -sheet, rather 
than in helix C, Phe56Trp. The time-resolved fluorescence of the Phe56Trp U1A protein has been 
characterized previously by Hall and coworkers, forming a data set to contrast with the data we have 
obtained25. Substituting Trp into the relatively rigid β-sheet should eliminate any anisotropic decay 
associated with helix C, while other decay components, such as molecular rotation of the protein, should 
be similar, although not necessarily identical, to those of the proteins labeled in helix C.   
During the analysis of the data from the Lys98Trp or Gly99Trp proteins, distinguishing a two 
component anisotropy fit from a three component fit was initially troublesome. The 2 values obtained 
from a three component fit were typically not significantly better than the 2 values for a two 
component fit. However, the numbers obtained from the two component fits did not make physical 
sense because the long component, which should be due to overall molecular rotation, was typically 
significantly shorter than previously measured25 and shorter than that expected based on simple 
hydrodynamic calculations.     As an example, Table 2-4 shows a comparison of the anisotropy fitting 
parameters for the 
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Table 2-2. Data from time-resolved anisotropy measurements.a 
 K98W G99W F56W F56A/K98W D90A/K98W D90G/K98W 
r0 0.29 ± 0.03 0.27 ± 0.02 0.31±0.06 0.29±0.02 0.33±0.05 0.29±0.04 
1 0.29 ± 0.03 0.25 ± 0.03 0.18±0.12 0.27±0.02 0.38±0.11 0.43±0.04 
L (ns) 0.09 ± 0.03 0.18 ± 0.03 0.12±.08 0.11±0.03 0.08± 0.07 0.10±0.05 
2 0.22 ± 0.05 0.32 ± 0.04 - 0.24±0.05 0.13±0.03 0.20±0.05 
S (ns) 2.58 ± 0.44 2.27 ± 0.30 - 2.57±0.60 1.96±0.88 2.22±0/67 
3 0.49 ± 0.04 0.43 ± 0.05 0.82± 0.16 0.49±0.10 0.49±0.05 0.37±0.08 
R 
(ns) 
7.56 ± 0.46 6.63 ± 0.76 7.06± 0.57 7.22±0.31 6.77±0.28 6.53±0.55 
a r0, 1, L, 2,S, 3, and R are defined in the experimental section. 
 
Phe56Trp and Lys98Trp U1A mutants and the double mutant Phe56Ala/Lys98Trp. A two component fit 
for the Phe56Trp mutant, in which the Trp is located on the -sheet, gives a reasonable fit with a long 
component (7.06 ns) that is consistent with the published values25 and the expectation from 
hydrodynamic estimates35. A three component fit converged with two components being the same, thus 
yielding similar values to the two component fit. The mutants containing Trp at position 98 showed an 
unreasonably fast long component (4.51 ns as shown in Table 4) when a two component fit was used.  A 
three component fit yielded a slightly improved 2 value and a more reasonable and consistent value for 
the long component of ~ 7 ns.  The third anisotropy component was approximately 2 ns and is 
interpreted as the segmental motion of helix C.  
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Table 2-3. Comparison of 2-component and 3-component fitting of the anisotropy decay data from the 
Phe56Trp, Lys98Trp, and Phe56Ala/Lys98trp U1A proteins.a 
 
 
 
 
 
 
 
a The specific values in this table differ slightly from the values in Table 2-3 because these values are 
from single data sets, whereas Table 3 presents the average of a number of data sets. 
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Figure 2-5. Time-resolved anisotropy fluorescence decay data for the Lys98Trp U1A protein 
(excitation at 305 nm and detection at 380 nm). The lower traces are the raw parallel and perpendicular 
decay data overlayed with a solid line that is the best fit function. Also superimposed is the system 
response function. The top panel is the normalized residual between each fit and the raw data. 
 
It might be argued for the Lys98Trp mutants that the ~ 4 ns long component obtained with the 
two component fit is due to a different orientation of the Trp with respect to the rotational axes of the 
molecule, as compared to Trp at the Phe56 position. However, the Gly99Trp U1A proteins in which the 
Protein 1  L(ns) 2  S (ns) 3  R (ns) 2 
F56W 0.30 0.07 - - 0.70 7.06 1.25 
K98W 0.30 0.11 - - 0.70 4.51 1.19 
K98W 0.28 0.06 0.24 2.52 0.48 6.98 1.17 
F56A/K98W 0.27 0.20 - - 0.73 4.40 1.23 
F56A/K98W 0.23 0.14 0.32 2.90 0.45 7.07 1.21 
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Trp probe in helix C is likely to be in a different orientation with respect to the rotational axes of the 
entire protein compared to Lys98Trp, exhibited the same behavior as the Lys98Trp U1A and gave 
similar three component anisotropy fits (Table 3).  This finding supports the proposal that the measured 
anisotropy behavior is characteristic of the helix motion and not just the local environment of the 
Lys98Trp species.  
Direct inspection of the time resolved anisotropy function, r(t), is also useful for establishing the 
need for three anisotropy decay components.  Figure 2-6 shows the natural log of r(t) for the Phe56Trp, 
Lys98Trp, and Lys98Trp/Phe56Ala mutants. All three exhibit a fast component at early time and a 
substantial long time component that appears as a straight line in the log plot. The long component of 
the Phe56Trp mutant has a single, linear long time component which spans the entire time scale, except 
where it meets the fast time component at early time (~ 0.2 ns).  The log plots for the Lys98Trp and the 
Phe56Ala/Lys98Trp mutants exhibit a similar long time component, but also show significant curvature 
in the region between 0.2 ns and 1.5 ns. Thus, the three component fit is justified for the U1A proteins 
labeled in helix C, with the intermediate component assigned to be the segmental motion of helix C. 
 
Figure 2-6. Natural Log of the time resolved anisotropy function, r(t), for the F56W, K98W and 
F56AK98W U1A proteins. The r(t) data was smoothed using a 10 point weighted average prior to 
taking the logarithm. 
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2.2.5 Estimating the cone angle of helix C motion 
A simple model for hindered rotational motion in a cone was used to estimate the range of 
motion of helix C from the loss of anisotropy associated with its motion. Using the equation shown 
below and the correlation time of helix C motion determined for Lys98Trp, we estimated the cone angle 
of motion of helix C to be 20º.  
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As defined in equation (1), r is the anisotropy at t=  and r0 is the anisotropy at t=0.   Based on this 
cone angle, it is determined that the helix C motion observed on the nanosecond time scale in the time 
resolved fluorescence anisotropy experiments did not represent a transition between the open and closed 
forms. A transition of helix C between the closed and open forms would correspond to a cone angle 
greater than 90º and result in a complete loss of anisotropy. Similar results were found for the Gly99Trp 
U1A protein. 
The estimates of the cone angle of helix C are consistent with the results of MD simulations on 
the wild type protein reported previously24, 33. The MD simulations showed the helix moving not simply 
in an angular fashion but as a combination of an angular motion with a translation across the face of the 
β-sheet (Figure 2-7). An estimate of the angular part of this motion gave good agreement with our 
measured value of 20°.  
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Figure 2-7. Overlay of structures obtained from the MD simulation of U1A protein24, 33. Snapshots were 
collected once every 500 ps over the 5 ns trajectory and oriented by superposition of the C-alpha atoms 
of the  motif. Helix C is indicated by narrow rods that span the range of grayscale from white at 
0 ns to black at 5 ns to track the motion of the helix over the course of the simulation. 
 
To determine if the dynamical motion estimated from the time-resolved fluorescence anisotropy 
experiments and MD simulations would be consistent with the steady state fluorescence experiments 
reported here and previously25 that suggested that Phe56 is sequestered from solvent, an analysis of the 
solvent accessible surface area of Phe56, Lys98 and Gly99 from the MD simulation of the wild type 
protein was performed. The solvent accessibility of these residues compared to an interior residue, 
Leu30, and a solvent exposed residue, Ser91, over the last 3 ns of the simulation is shown in Figure 2-8.  
 
Figure 2-8. Solvent accessible surface area (SASA) of select residues in the wild type U1A protein 
computed from MD simulations over the converged portion of the trajectory at 20 ps intervals: Leu30 
(▲), Phe56 (), Ser91 (Ж), Lys98 (+), and Gly99(×). The SASA values were normalized by the 
extended Ala-X-Ala SASA values for each residue, X. 
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The SASA values were normalized by the extended Ala-X-Ala SASA values for each residue. These 
data show that Phe56 is sequestered from solvent compared to Lys98 and Gly99 and that Lys98 is 
nearly as solvent exposed as Ser91. This result is consistent with the blue-shifted emission wavelength 
of the Phe56Trp protein relative to the Lys98Trp and Gly99Trp proteins and with previously reported 
acrylamide quenching experiments, which showed that Phe56Trp is sequestered from solvent relative to 
other positions of Trp labeling25. Thus, it is reasonable that the observed motion of helix C in these 
experiments is a fluctuation within the closed form. 
 
Figure 2-9. Diagram of the structure of the free U1A protein showing the positions of incorporation of 
Phe56Ala, Asp90Ala, and Asp90Gly mutations42. 
 
2.2.6 Mutations of the U1A protein 
Three mutations were incorporated into the Lys98Trp U1A protein to probe the contributions of 
residues on the surface of the -sheet and in the hinge region between helix C and the -sheet to the 
dynamics of helix C and the stability of the complex (Figure 2-9). The first mutation examined was 
Phe56Ala. In the closed form of U1A, helix C interacts with the surface of the -sheet, forming a small 
hydrophobic core between Ile93, Ile94, Met97, Phe56, Leu44, and Ile585. Phe56 stacks with A6 in the 
loop of SL2 RNA in the complex6. The substitution of Ala for Phe56 could change the interactions of 
helix C with the -sheet, leading to altered helix C dynamics. The second position of mutation was 
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Asp90, which is located in the hinge region between helix C and the -sheet. This residue, along with 
Thr89 and Ser91, undergoes large rotations of  and  angles upon binding to RNA5. The backbone 
carbonyl of Asp90 hydrogen bonds to the exocyclic amine of C7 in SL2 RNA in the complex6. Two 
mutations were introduced at this position: Asp90Ala and Asp90Gly. The Asp90Ala substitution 
replaces the charged side chain with a small, aliphatic residue, while the Asp90Gly substitution was 
expected to not only eliminate the side chain, but also add significant flexibility to the hinge region.  
 The overall structural integrity of the mutant U1A proteins and their ability to bind RNA was 
investigated using CD spectroscopy and gel shift assays, respectively. The CD spectra of the three 
mutants were similar to those of the Lys98Trp and wild type U1A proteins, suggesting these mutations 
do not cause large alterations of protein structure. The binding affinity of the Lys98Trp/Phe56Ala 
protein for SL2 RNA is very weak, which is consistent with that measured previously for the F56A 
protein43. The complexes formed with the Asp90Ala/Lys98Trp and Asp90Gly/Lys98Trp proteins were 
destabilized by 1.5 and 3.1 kcal/mol, respectively, compared to the complex formed with the Lys98Trp 
protein (Table 2-1).  
The steady state fluorescence spectra of the Phe56Ala, Asp90Ala, and Asp90Gly U1A proteins 
are shown in Figure 2-10. The emission maxima of these proteins are similar to that of the Lys98Trp 
protein. Interestingly, the emission maxima of the Phe56Ala and Asp90Gly protein shift to longer 
wavelength with increasing excitation wavelength, similar to the Phe56Trp protein. These data may 
indicate an alteration in the environment of Trp98 upon incorporation of these mutations into the 
protein.  
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Figure 2-10. A. Steady state fluorescence spectra of Lys98Trp (blue), Asp90Ala/Lys98Trp (light blue), 
Asp90Gly/Lys98Trp (black), and Phe56Ala/Lys98Trp (red) proteins (1 µM) using a exc of 295 nm at 
25°C in 50 mM KCl and 10 mM K2HPO4 (pH 7.4). B. Steady state fluorescence spectra of 
Phe56Ala/Lys98Trp at 25°C in 50 mM KCl and 10 mM K2HPO4 (pH 7.4) at different excitation 
wavelengths: 285 nm (black), 290 nm (red), 295 nm (blue), and 300 nm (light blue).  
 
The time-resolved decay data for these proteins are similar to those of Lys98Trp U1A protein 
discussed previously (Table 2-2). The observation that the fluorescence decay is not altered by the 
Phe56Ala or Asp90Gly mutations is similar to the results of an investigation of the effects of 
eliminating helix C on the fluorescence of Phe56Trp U1A25. In this investigation, the steady state 
fluorescence, but not the decay data, of Phe56Trp were altered by the deletion of helix C, suggesting a 
weak interaction between helix C and the surface of the -sheet. Only the Asp90Gly mutant contains 
two values, that for 1 and 3, that are outside of the experimental error of the measurements for the 
Lys98Trp protein.  
 
 
 
 
 
A. B.
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Table 2-4. Fluorescence decay data. 
 K98W G99W F56W F56A K98W D90A K98W 
D90G 
K98W 
2 1.23 ± 0.7 1.09 ± 0.2 1.27±0.08 1.23 ± 0.17 1.29±0.20 1.33±0.07 
1 0.28 ± 0.03 0.27 ± 0.04 0.17±0.02 0.25 ± 0.02 0.37±0.10 0.39±0.04 
(ns) 0.37 ± 0.05 0.40 ± 0.05 0.74±0.32 0.46 ±0.08 0.34±0.03 0.40±0.06 
2 0.43 ± 0.02 0.47 ± 0.04 0.53±0.07 0.47 ±0.07 0.39±0.07 0.37±0.03 
(ns) 2.94 ± 0.28 2.59 ± 0.3 3.16±0.16 2.87 ± 0.33 2.69±0.12 2.71±0.16 
3 0.29 ± 0.04 0.26 ± 0.03 0.31±0.06 0.28 ±0.08 0.24±0.04 0.24±0.02 
(ns) 6.39 ± 0.22 5.66 ± 0.4 6.00±0.17 6.32 ±0.47 6.26±0.36 7.00±0.16 
 
The three components of the time-resolved fluorescence anisotropy decay of the 
Phe56Ala/Lys98Trp protein are within experimental error of those of the Lys98Trp protein. The values 
for some of the fractional contributions of the decay components and the timescale of the slowest 
component of the Asp90Ala and Asp90Gly proteins differ from those of the wild type protein. 
Compared to the Lys98Trp protein, the Asp90Ala/Lys98Trp and Asp90Gly/Lys98Trp mutants have a 
greater fast component contribution (1), a smaller middle component contribution for Asp90Ala (2), 
and a faster, slow component (3). The complexity of the dynamic response to mutations is not 
surprising because the ensemble of dynamic motions are not likely to all fall into narrow categories of 
fast, intermediate, and slow dynamics. The results of molecular dynamics simulations agree with the 
fluorescence anisotropy experiments and predict that the dynamics of helix C are similar in the wild 
type and mutant proteins33, 44. 
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2.3 Discussion 
The data presented here suggest that helix C of the N-terminal RRM of the U1A protein is 
dynamic in the closed conformation on a 2-3 ns time scale with a limited range of motion estimated to 
be 20°. The position of labeling was chosen to be directed away from the surface of the -sheet to 
isolate the dynamic contributions of helix C from complications in spectral interpretations due to 
interactions of the fluorophore with the surface of the -sheet. Consistent with this design, the steady-
state fluorescence measurements suggest that the Trp fluorophores in Lys98Trp and Gly99Trp are 
solvent exposed and binding measurements indicate that these substitutions do not alter interactions 
with RNA. Comparison with the steady-state fluorescence spectrum of the Phe56Trp U1A protein 
suggests that while helix C is likely to be interacting with the surface of the -sheet, and thus, altering 
the fluorescent properties of Phe56Trp, these interactions do not alter the spectral properties of 
Lys98Trp or Gly99Trp. A solvent accessibility analysis of the MD simulation suggests that Phe56 is 
sequestered from solvent even though helix C is dynamic. Together, these data indicate that helix C is 
dynamic within the closed conformation and is not exchanging between the closed and open forms on 
the nanosecond time scale.  
These results contribute to a developing understanding of the dynamics of helix C in the U1A 
protein and the roles of these dynamic processes in complex formation. A previous investigation 
explored indirectly the dynamics of helix C with time-resolved fluorescence measurements of the 
Phe56Trp U1A mutant25. Analysis of steady-state fluorescence data and acrylamide quenching 
experiments indicated that solvent exposure of Trp56 increased significantly upon truncation of helix C. 
The emission maximum shifted to longer wavelength as the excitation wavelength was increased for 
U1A(2-102), but not for the protein lacking helix C, U1A(2-93). The authors concluded from these 
observations that helix C is dynamic on the nanosecond or longer time scale. However, the deletion of 
helix C did not alter the time-resolved fluorescence parameters of Trp56 or the time-resolved anisotropy 
decay of the Phe56Trp protein, suggesting that the interaction between Trp56 and helix C is weak. 
NMR characterization of the dynamics of the U1A protein suggested that helix C is dynamic and, in 
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particular, exhibits motions on the micro to millisecond time-scale in the U1A(2-102) construct26, which 
is a timescale not probed by time-resolved fluorescence anisotropy experiments. The results from the 
experiments described here define more directly the motions of helix C and show that helix C is 
dynamic, as suggested by previous experiments, but within a limited range of motion on the nanosecond 
time scale.  
The observation that the Phe56Ala mutations do not alter the dynamics of helix C suggests that 
the greater than 100,000-fold destabilization of the complex that results from the Phe56Ala mutation is 
not due to a change in the dynamics of helix C in the free protein on the ps-ns time scale. Previous 
investigations of the kinetics of association and dissociation of the U1A-RNA complex have shown that 
the Phe56Ala mutation only affects the dissociation rate, but not the association rate, of the U1A-SL2 
RNA complex45. Thus, the destabilization of the complex upon mutation of Phe56 to Ala most likely 
results from changes in the energetics of the complex. 
The small effect of the Asp90Ala or Asp90Gly mutations on the dynamics of helix C is 
consistent with helix C undergoing limited dynamical motions on the nanosecond time scale instead of 
equilibrating between open and closed conformations that would require large conformational changes 
of Asp90. Although both mutations destabilize the complex, as expected, the Gly mutation destabilizes 
the complex more than the Ala mutation. Both mutations may alter the flexibility of the hinge region, 
thus changing the energetics of the conformational change required upon binding, or the hydrogen bond 
formed between the backbone carbonyl of Asp90 with C7 in SL2 RNA. These substitutions may also 
alter local dynamics in the hinge region and thus weaken the interactions of adjacent amino acids (Ser91 
and Thr89) with the RNA target.  
 
2.4 Conclusion 
Short time-scale dynamic processes, like those identified here for helix C, have been shown to 
have important roles in ligand binding46, 47, enzyme catalysis48-50, and have been suggested to contribute 
to longer-time scale dynamic processes on the micro and millisecond time scale51-54. Thus, the dynamics 
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of helix C investigated here may contribute to the conformational change away from the surface of the 
-sheet required upon binding, even though the time scale of this conformational change may be longer 
than is detected by time-resolved anisotropy experiments. In addition, a relationship has been implicated 
between dynamic processes on the pico- to nanosecond time scale and the propagation of the long-range 
signals required for cooperative interactions55-57, 32, 31. Because conformational changes in C-terminal 
helices upon complex formation are common in the formation of RRM-RNA complexes, the variation 
of the dynamics of this region of RRMs may be an important mechanism for gaining affinity or 
specificity for RNA targets.  
 
2.5 Materials and Methods.  
2.5.1 General. Commercial reagents were used as received. DNA oligonucleotides and primers were 
purchased from QIAGEN and Integrated DNA Technologies (IDT). Sequencing was performed at 
UPenn and mass spectrometry was performed at UIUC.  
2.5.2 Protein Purification. An expression vector for the N-terminal RRM of the U1A protein, U1A101, 
was obtained from Nagai34. Lys98Trp, Ala95Trp, Gly99Trp, Phe56Ala, Asp90Gly, and Asp90Ala 
mutations were introduced using standard Kunkel mutagenesis procedures58. The proteins were 
expressed and purified as reported previously36. The concentration of each protein was determined by 
amino acid analysis and the molecular weight by MALDI mass spectrometry. 
2.5.3 Equilibrium Binding Assays. The equilibrium binding of SL2 RNA to the U1A protein was 
monitored by electrophoretic gel mobility shift assays. 32P-labeled SL2 RNA (0.025 nM) was incubated 
with competitor tRNA (1 mg/mL) and varying amounts of U1A protein for 30 min at room temperature 
in a buffer containing 10 mM Tris-HCl, pH 7.4, 0.5 % Triton X-100, 1 mM EDTA, and 250 mM NaCl. 
After addition of glycerol to a final concentration of 5 %, the bound and free RNA were separated using 
an 8% polyacrylamide gel (80:1 acrylamide:bisacrylamide, 15 cm x 40 cm x 1.5 mm) in 100mM Tris-
Borate pH 8.3, 1mM EDTA, 0.1% Triton X-100 for 35 min at 350V. The temperature of the gel was 
maintained at 25 °C by a circulating water bath. Gels were visualized on a Molecular Dynamics Storm 
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phosphorimager. Fraction RNA bound versus protein concentration was plotted and curves were fitted 
to the equation: Fraction bound = 1/(1+Kd/[P]T). All binding measurements were performed with a 
greater than 10-fold excess of protein over RNA in each binding reaction used to determine the Kd so 
that [P] would be approximately equal to [P]Total. Representative gel mobility shift assays and plots 
illustrating fraction RNA bound as a function of U1A concentration are shown in Figure 2-3. 
Dissociation constants and binding energies are listed in Table 2-1. 
2.5.4 Circular Dichroism Spectroscopy. CD spectra were recorded on a Jasco J-810 CD spectrometer 
equipped with a Peltier temperature controller and Spectra ManagerTM program. CD spectral scans were 
recorded from 190 nm to 300 nm in 0.1 nm increments with a scanning speed of 50 nm/min and a 8 
second response time using rectangular cells with a 0.2 cm path length.  
2.5.5 Steady State Fluorescence Measurements. Steady-state fluorescence experiments were carried 
out on a FluoroMax-3 Spex spectrofluorometer from Jobin Yvon Inc. Experiments were performed at 
25 °C in 50 mM KCl, 10 mM K2PO4, pH 7.4. Excitation and emission slits were set to 4 nm and 8 nm, 
respectively.  
2.5.6 Lifetime Measurements and Time Resolved Anisotropy. Fluorescence lifetimes and anisotropy 
decay were measured using time correlated single photon counting (TCSPC).  The excitation laser 
system consists of a cw mode-locked Nd:YAG laser (Coherent Antares) which is frequency doubled to 
532 nm and used to synchronously pump a cavity dumped dye laser. The dye laser was operated at 3.8 
MHz and produced a total power of approximately 100 mW at 610 nm with a pulse width of 10 psec. 
The dye laser was frequency doubled in KDP to produce the 305 nm UV used for excitation with an 
average power typically less than 1 mW. The UV passed through a vertically oriented polarizer to 
ensure complete polarization and then was directed to the sample cuvette. Fluorescence was collected 
and collimated at right angles with f/1 optics and then focused with an f/7 lens onto the entrance slit of a 
0.1 meter monochrometer (ISA, Inc., Model DH-10). A large aperture sheet polarizer was placed in the 
detection path.  The orientation of the analyzing polarizer was computer controlled. After the analyzing 
polarizer, but before the entrance to the monochromator, a quartz depolarizer (Karl Lambrect corp.) was 
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placed to minimize any polarization bias effects in the monochromator and detector. The detector was a 
microchannel plate photomultiplier (Hamamatsu Inc. R1564U-06). The signal was collected in the 
single photon counting mode and capture by a PC based multi-channel analyzer (FAST ComTec, 
GmbH). Typical fluorescence decay curves consisted of 8192 time channels over a total range of 50 
nsec with the counts in the peak channel of the parallel component accumulated to a total of 20,000. A 
typical experiment would consist of acquiring data with the analyzing polarizer alternatively oriented 
parallel, magic angle and perpendicular. Each orientation would be sampled for 20 seconds and the 
process repeated until the counts in the peak channel for the parallel signal was 20,000 counts. A 
number of emission wavelengths were measured but no systematic difference was noted with 
wavelength so the majority of the data was taken at 380 nm. The system response function was acquired 
periodically by measuring scattered light from a colloidal suspension. The typical response function had 
a FWHM of approximately 80 ps and it was used in the fitting process to deconvolute the molecular 
response from the measured experimental decay curves.  
The fluorescence decay curves were fit using the commercially available program Globals 
Unlimited.59 It was found that a three exponential decay model was required to adequately fit the magic 
angle tryptophan fluorescence decay data, which is consistent with the previously reported 
measurements on F56W U1A by Hall et al.25. The criteria for a good fit were the  2 values and a visual 
inspection of the residual. Using a 2 component, or less, exponential fit led to significantly worse values 
of 2 and resulted in the residual having a noticeable systematic variation. Typical values of 2 ranged 
from 1.03 – 1.30 (Table 2).   
The time dependent anisotropy was fit using the parallel and perpendicular data sets. The time 
dependent anisotropy is defined as follows  
||
||
( ) ( )
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I t I t
r t
I t I t
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        (1) 
The experimentally measured anisotropy decay, r(t) , is typically modeled as the sum of one or 
more exponential decay terms. 
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Where r0 is the limiting anisotropy (0.4 for parallel absorption and emission transition dipoles), i 
is the index for the number of exponentials contributing to the observed signal (2 or 3 for this work), i 
are the weighting factors for each contributing exponential, and i is the rotational correlation time for 
component i.  The sum of the coefficients, i, is normalized to one, 1i
i
  . 
 The molecular motions associated with loss of anisotropy are not directly given by the above 
model but are somewhat more complicated due to the fact that the chromophore is possibly subject to 
several dynamical processes simultaneously which can lead to a loss of anisotropy. For the tryptophan 
considered in this work we identify three types of motion that are possible (although not always 
observed for each protein). The fastest motion is the local tryptophan motion due to rotation about its C 
– C and C – C bonds, which we will ascribe a rotational correlation time of L (local motion). The 
intermediate time scale motion is the segmental motion due to fluctuations in the local structure or 
internal motions of the protein. This intermediate time scale will be designated S (segmental motion). 
The slowest motion will be the overall rotation or tumbling of the molecule, which is designated R 
(rotational motion). The overall time dependent anisotropy in terms of these molecular motions can then 
be written as follows: 
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This can be rearranged to  
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From the above expressions we can determine L, S, and R in terms of the experimentally 
measured correlation times. 
3
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In one case only a two-component decay is observed and this is ascribed to the absence of any 
appreciable segmental motion. The data from the time resolved anisotropy measurements are listed in 
Table 3. 
 The errors reported in tables 3 and 4 are the standard deviations of multiple data sets with 3 to 
10 individual experiments.  In almost all cases these errors bars exceed the statistical errors reported by 
the fitting program for each individual fit, but were typically consistent in magnitude.   
 
2.5.7 Solvent Accessibility Calculations.  
Estimations of the solvent-accessible surface area (SASA) on a per-residue basis were computed 
from a 5 ns MD simulation of wild type U1A protein33 by recursively approximating a sphere around an 
atom starting from an icosahedra using the ICOSA keyword in Amber860, 61. Snapshots for analysis 
were collected at 20 ps intervals over the stable final 3 ns of the simulation for a total of 150 snapshots.  
The SASA values were normalized by the extended Ala-X-Ala SASA values for each residue, X62.  
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Chapter 3 
Fast kinetic studies show a three-step dissociation of the U1A-SL2 RNA complex 
3.1 Introduction  
Protein-RNA complexes are involved in most steps of gene expression, including the 
editing, translation, modification, and degradation of RNA1, 2. Therefore, an 
understanding of protein-RNA binding is fundamental to a complete description of gene 
expression at the molecular level. Protein-RNA recognition often occurs by a mechanism 
of mutually induced fit in which both the protein and RNA undergo conformational 
changes upon binding3-8. Thus, dynamic processes are important contributors to the 
binding mechanism, affinity and specificity of RNA-protein complexes, and the study of 
complex dynamic processes is required to understand and perhaps more importantly 
predict and control, binding in RNA-protein complexes. 
Experimental investigations of the contributions of dynamic processes to RNA-
protein binding are limited. Those that have been performed have yielded essential and 
sometimes surprising insights into RNA-protein recognition. For example, an increase in 
specificity of the Rev-RRE complex at elevated salt concentrations was correlated with 
changes in the dynamical behavior of arginine side chains in the protein-RNA interface.9 
Long-range signaling has been observed in tRNA synthetase complexes and has been 
proposed to be caused by induced fit conformational transitions10, 11, 7. Contributions of 
conformational sampling and induced fit process have been found to be important for the 
formation of specific complexes between tristetraprolin with AU-rich mRNAs.12 The 
contributions of RNA dynamics to complex formation are harder to characterize because 
the flexibility of the RNA makes structural determination challenging13, 6, 14, 15. 
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Investigation of the folding of large RNAs, such as the group I intron, upon binding 
protein cofactors have revealed long-range allosteric mechanisms that influence binding, 
folding, and enzyme activity16, 17. Fluorescence methods involving 2-aminopurine labeled 
RNA and newly developed NMR techniques have allowed the characterization of the 
dynamics of the free and bound RNA and the kinetics of conformational changes that 
occur upon binding13, 18-23.  
The RRM is one of the most common RNA binding domains and most abundant 
protein domains in eukaryotes24. Proteins containing RRMs participate in all steps of 
gene expression and RNA processing2. The general structure of the RRM is comprised of 
an antiparallel β-sheet flanked by two α-helices25-36. RRMs bind to single-stranded RNAs 
of diverse sequence in a variety of structural contexts. Often the complexity of RRM-
RNA recognition is increased by the cooperative binding of multiple RRMs to RNA and 
interactions with other proteins37, 38.  
We have chosen to investigate the U1A-RNA complex because extensive biophysical 
and biochemical investigations have made the U1A protein a paradigm of RRM-RNA 
recognition8, 34, 35, 39-58. The structural characterization of both the free U1A protein and 
the complex with SL2 RNA, along with the extensive investigations of the origins of 
thermodynamic complex stability, are ideal for the investigation of the contributions of 
dynamic processes to binding. The U1A protein is a spliceosomal protein involved in 
gene expression39. U1A is a component of the U1snRNP and regulates polyadenylation 
of U1A and other pre-mRNAs40-46. The N-terminal RRM of U1A binds with high affinity 
and specificity to stem loop 2 (SL2) of U1 snRNA35, and nearly identical internal loop 
target sites in the U1A pre-mRNA47, 48. The secondary structure of U1A is composed of 
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βαββαβ folds into a stable anti-parallel β-sheet flanked by 2 α-helices49. The β-sheet 
serves as the binding scaffold for a network of interactions with the RNA bases50, 51. 
Upon complex formation, both U1A and SL2 RNA undergo major conformational 
changes52. U1A contacts the AUUGCAC sequence of the loop and the closing CG base 
pair. Helix C, loop 1, loop 3, and residues Thr89-Asp90-Ser91 have been shown to be 
important for complex specificity53-61, 8, 62, 34. Two conserved aromatic amino acid 
residues in the β-sheet, Tyr13 and Phe56, stack with the RNA bases63-65.  
The kinetics of association of the U1A-SL2 RNA complex have been investigated 
using surface plasmon resonance (SPR)66-69, 59. These investigations have suggested that 
similar to other macromolecular recognition events, including DNA-protein 
recognition70-73, an initial recognition complex is formed that is dominated by 
electrostatic interactions, and is followed by conformational rearrangements to form the 
complex. Pathways for the folding that occur after initial association have been 
proposed74, 68, but there is only indirect evidence to support these proposals. 
Laser temperature jump and stopped-flow experiments are versatile methods for 
studying fast biomolecular kinetics75. With excellent probes, they can provide 
information on the short to long time scale dynamics of biological macromolecules. 
While temperature jump methods can access sub-ps to ms times, stopped-flow methods 
can be used to monitor ms to s time scales. Although these methods are still rarely used in 
studying RNA-protein systems, they have been more extensively used in DNA, DNA-
protein and protein dynamics studies76, 77, 75, 78, 79. Stopped-flow methods using Trp as the 
fluorescent label have been used to analyze the interaction of Fpg protein with its DNA 
substrate. The data obtained revealed a multi-step reaction sequence involving 
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conformational transitions of the enzyme during catalysis80. Stopped-flow methods have 
also been used to study the kinetics of dissociation of long fatty acids-protein complexes 
using Trp as the reporter probe78. Either stopped-flow or T-jump techniques, or both, 
have been used to detect intermediates in protein folding81-86, heat-induced protein 
unfolding87, bending-unbending kinetics of a DNA in complex with its protein binding 
partner75, 88, DNA hairpin dynamics89 and RNA folding90. The same techniques were 
employed to study the kinetics of association of an enzyme to its substrate, where 
conformational dynamics of selected regions in an enzyme’s catalytic site during the 
formation of a catalytically active complex were characterized91,92. 
In this study, we report the results of investigations of the kinetics of dissociation of 
the U1A-RNA complex monitored with temperature jump or stopped-flow flow 
experiments using fluorescently labeled U1A proteins in collaboration with Prof. Martin 
Gruebele and Apratim Dhar in the Chemistry Department at the University of Illinois. 
Apratim Dhar performed the T-jump experiments and Prof. Gruebele calculated the 
global fit of the equilibrium, T-jump and stopped-flow results. Our data supports a 3 step 
dissociation pathway for the U1A-complex.  These results should contribute to our 
objectives in probing dynamics and conformational changes of the U1A-SL2 RNA 
complex, and in RRM-RNA as a whole. 
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Figure 3.1. Overlay of the free (red) and bound (blue) structures of the U1A, showing the 
helix C and loop 3 positions (pdb 1URN and 1FHT)51, 93. 
 
3.2 Results 
3.2.1 Experimental design  
The major conformational changes in the U1A upon complex formation occur in loop 
3 and in helix C (Fig. 3.1)52, 39. In our previous studies, we have characterized the 
dynamics of helix C in the free protein using Trp label at different positions of helix C – 
A95, K98 and G9952. Here, we wanted to investigate the mechanism of the U1A-RNA 
complex dissociation by laser-induced T-jump and stopped-flow fluorescence 
spectroscopy. Initially, gel mobility shift assays were conducted to determine optimal 
conditions for dissociation. Fluorescence emission was used to probe the different 
fluorophore environments and the effect of RNA binding on the fluorescence signal. We 
selected positions K98 and F56 to incorporate the Trp (Fig. 3.2a). F56 is a conserved 
aromatic residue that contacts helix C in the free protein and stacks with A6 of the RNA 
in the complex (Fig. 3.2b)52, 94-96.  F56W mutation retains the WT-U1A binding affinity 
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within error. It is an interesting position to study because it directly interacts with the 
RNA by π-stacking. Trp56 is expected to experience a dramatic change in environment 
upon dissociation or unfolding of the complex. The K98W, on the other hand, is in the 
well-structured part of the helix C, which is more flexible. This serves as a control 
protein because Trp98 does not interact with the RNA.  
 
a.)       b.) 
 
 
Figure 3.2. a.) The free U1A structure – F56 and K98 are shown in stick; b.) Aromatic 
stacking interactions of the conserved F56 (orange) and Y13 (green) with SL2 RNA51, 93. 
 
3.2.2 Steady-state fluorescence emission 
 The fluorescence of F56W and K98W were measured at 295 nm excitation. 
F56W, in the free protein and in complex the RNA, showed a different fluorescence 
emission spectra compared with K98W. It has a blue-shifted 340 nm emission maximum 
compared with K98W at 360nm (Fig. 3.3a). This suggests that the K98W mutant has a 
more solvent-exposed Trp than F56W. Presumably, this is because F56W in the β-sheet 
has been shown to interact with helix C in the free protein and is interacting with the 
RNA in the complex, and thus, is more buried compared with the K98W in the helix C. 
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The fluorescence profiles for these proteins are consistent with what has been reported by 
Hall and co-workers97.  Titration of the U1A protein samples with RNA significantly 
quenches the fluorescence but does not shift the maximum emission wavelength (Fig. 
3.3b).             a)  
b)
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Figure 3.3  a.) Fluorescence emission spectra of F56W and K98W at 25oC excited at 
295nm; b.) Fluorescence emission spectra of F56W and K98W upon RNA titration. 
 
3.2.3 Equilibrium binding assays 
  In order to determine the temperatures for the T-jump and stopped-flow experiments, 
the binding of U1A to RNA at equilibrium was evaluated by both gel mobility shift 
measurements and fluorescence experiments. Gel mobility shift assays were performed at 
25 oC, 35 oC and 45 oC with different, high-salt buffers.  In a buffer comprised of 300 
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mM KCl-10 mM phosphate buffer (pH 7.4), the complex is stable at 25-35 oC with a Kd 
≈ 8.10x10-8 M for F56W and 6.93x10-8 M for K98W (Table 3-1). These dissociation 
constants are within error compared to the WT protein in the same buffer conditions, but 
are 100-fold less than in the presence of 50 mM KCl. At 45 oC, binding for both mutants 
was too weak that we were not able to determine it by gel-shift assay (Fig. 3.4). Both the 
protein and the RNA samples are stable within the temperature range. CD melts showed 
that U1A maintains its native structure below 70 oC while the Tm for the RNA is around 
60 oC as reported52.      
   
                            
Figure 3.4. Representative gel picture from the binding assay of F56W; top figure is 
measured at 35 oC and bottom is at 45 oC. 
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Table 3-1. Binding affinities of mutant U1A proteins for SL2 RNA. 
 Protein     Kd at 25 oC Kd at 35 oC Kd at 45 oC 
WT 8.0 (± 0.6) x 10-8 4.0 (± 0.5)x 10-8 
 
ND 
F56W 8.0 (± 0.1) x 10-8 1.0 (± 0.1)x10-8 
 
ND 
K98W 6.0 (±0.5) x 10-8 2.0 (± 0.5) x 10-8 
 
ND 
KD values are the average of at least three independent experiments. Standard 
deviations determined from the independent measurements are reported. 
 
To obtain a binding constant under conditions closer to the kinetic studies, U1A 
solutions (5-10 μM, 100-200 μl) were titrated with small amounts of concentrated RNA 
solution and evaluated using steady state fluorescence spectroscopy.  To detect the 
titration curve, the sample was excited at 295 nm and fluorescence of the Trp 56 residue 
was detected (maximum emission at 334 nm).  Trp fluorescence is quenched by RNA 
binding.  The results are shown in Figure 3.5.  At 25 °C, the titration was carried to 
completion, yielding a ratio of free to bound Trp fluorescence of Sfree/Sbound = 
1:0.10±0.05.  The titration curves were fit by the equation 
 S[U1A]0 = S free ([U1A]− x) + Sbound x , (1) 
where, [U1A]0 is the initial U1A concentration, and the concentration x of the U1A-RNA 
complex is given by 
 x = 12 ([U1A] + [RNA] + K d ) − 12 ([U1A] + [RNA] + K d )2 − 4[U1A][RNA] . (2) 
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At 25 °C, we obtained Kd ≈ 0.15±0.03 μM, and at 35 °C Kd ≈ 0.9±0.1 μM.  The fits are 
also shown in Fig. 5.  At 45 °C, slow aggregation of the sample prevented an accurate 
measurement of Kd.  (T-jumps expose the solution to 45 °C only for ~0.1 s, so we were 
able to obtain kinetics data at 45 °C, see below.) 
Assuming a linear free energy-temperature relationship, the measured Kd yields ∆Gd 
(T) = - RT ln (Kd (T)/1 M) = -38. 9 + 0.327 (T-25 oC) kJ/mole. At equal protein and RNA 
concentrations in the 5-20 μM range, the amount of bound U1A-RNA complex will thus 
be within a factor of 10 of the amount of free protein and RNA, maximizing the signal 
from kinetics experiments. 
The key prediction from the binding assay for kinetics experiments is two-fold (Fig. 
3.5): When the RNA concentration is jumped down and RNA dissociates from U1A, the 
normalized U1A fluorescence should increase by as much as a factor of 10. When the 
temperature is jumped up, (arrow in Fig. 3.5) the Trp fluorescence of U1A should 
increase.  Although intrinsic U1A fluorescence decreases with temperature (see below), 
the decrease is offset by RNA unbinding. 
 
Figure 3.5. Normalized fluorescence intensity as a function of RNA concentration, 
showing that U1A fluorescence decreases as RNA is added. 
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3.2.4 Kinetic Experiments 
 We carried out laser temperature jump experiments and stopped-flow experiments at 
1:1 U1A:RNA ratios in the 5-20 μM concentration range and between 25-45 °C.  Fig. 3.6 
summarizes typical results from the two kinetics measurements, illustrating that three 
distinct time scales were observed.  Upon T-jump, Trp fluorescence intensity could be 
fitted by a fast exponential phase of τ1 ≈ 100 μs, followed by a medium phase whose time 
constant could not be determined in the T-jump window of 0.5 ms.  The medium phase is 
picked up as a with τ2 ≈ 50 ms by the stopped-flow measurements.  The microsecond and 
millisecond phases both correspond to an increase of Trp fluorescence intensity.  Finally, 
the stopped-flow measurements reveal a slow phase with τ3 ≈ 2 s. 
 
 
Figure 3.6.  Kinetics of U1A F56W-RNA dissociation over the μs to s timescale. T-jump 
experiments track dissociation up to 500 μs, while stopped flow experiments allow us to 
access dynamics on the ms-s timescale. 
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We assign the three phases to steps 1, 2 and 3 in the following kinetic scheme (Fig. 3.7): 
 PRtight
k1 f
k1b
⎯ →⎯← ⎯⎯ PRloose
k2 f
k2b
⎯ →⎯← ⎯⎯ P + R k3 f
k3b
⎯ →⎯← ⎯⎯ P '+ R . (3) 
The first step is a fast rearrangement of the RNA in the U1A binding groove, between a 
more loosely and a more tightly bound protein-RNA complex.  The middle step is the 
association-dissociation reaction.  The final step corresponds to a rearrangement of the 
U1A helix docking against the binding site and quenching tryptophan fluorescence.  The 
further observations supporting this assignment are detailed below, as well as an 
alternative assignment.  Because the three phases are well separated in time, we can 
analyze them separately. 
 
Figure 3.7. The kinetic model of dissociation for the U1A-SL2 RNA complex.  The first 
step that occurs at ~100 μs is assigned as the transition between a more tightly bound and 
loosely bound complex; the second step at ~50 ms as the dissociation step, and the last 
step at 2s, as a protein conformational rearrangement. 
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3.2.5 T-jump measurements 
Laser-induced T-jump experiments were conducted to perturb and initiate unbinding 
or dissociation of the complex followed by relaxation detection by Trp fluorescence. T-
jump kinetics were detected by fluorescence intensity (Fig. 3.6) and by Trp fluorescence 
lifetime change (χ1 in Fig. 3.8).  T-jump experiments were performed using both 25 °C to 
35 °C jumps in temperature and 35 °C to 45 °C jumps in temperature. Preliminary T-
jump experiments showed similar changes in the fluorescence profiles for both 25 oC-35 
oC and for 35 oC-45 oC T-jumps. This suggests that the kinetic processes measured by the 
T-jump experiments do not involve a complete dissociation of the RNA-protein complex. 
The instantaneous drop at t=0 in Fig. 3.8 is the intrinsic fluorescence response of the Trp  
 
Figure 3.8. Kinetics of U1A F56W-RNA dissociation tracked by tryptophan lifetime 
change, following a temperature jump from (a) 25-35 °C and (b) 35-45 °C. 
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residue to increased temperature: Trp lifetime decreases ≈0.2 ns between 25 and 45 °C, 
and Trp intensity decreases by 30% between 25 and 45 °C in free U1A.  This intensity 
drop is much smaller than the up to ten-fold change in fluorescence intensity resulting 
from RNA unbinding (Fig. 3.5). 
Fluorescence intensity detection reveals both the 100 μs phase and the beginning of 
the slower ms phase (Fig. 3.6).  Both phases have positive amplitude.  Fluorescence 
lifetime detection reveals only the fast phase.  The fast and medium phases thus have 
different origins. Although the fast phase in Fig. 3.6 has positive amplitude, it accounts 
for only a 6% increase in fluorescence intensity, while unbinding upon a 35→45 °C jump 
should result in a >2-fold increase based on ∆Gd (T).  Furthermore, the time constant 
τ1 ≈ (k1 f + k1b )−1  is too fast for a bimolecular reaction at micromolar concentration, but 
reasonable for a unimolecular rearrangement.  We thus assign the fast phase to the 
interconversion between two different RNA-bound U1A states, a strongly bound state, 
and a more loosely bound complex that can dissociate in eq. (3).   
Fig. 3.9 shows several control experiments that support this assignment. When U1A 
is T-jumped in the absence of RNA (Fig. 3.9B), no significant phase is observed.  Thus 
the fast phase is not due to an internal rearrangement of the protein independent of RNA.  
At higher concentration of U1A and RNA the amplitude of the phase slightly decreases 
because reaction 2, and thus reaction 1, is driven backward at higher concentration.  
Finally, we made a K98W mutant of U1A; the Trp in the helix could interact weakly with 
RNA in the binding pocket, but we expected not as strongly as W56.  Figure 3.9C shows 
at most a very small kinetic amplitude. 
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Figure 3.9. (a) Dissociation of a 20 μM U1A F56W-RNA complex upon a temperature 
jump from 35-45 °C (b) Temperature jump on a 10 μM U1A F56W sample shows a step-
function response, indicating that the observed dynamics are caused by dissociation of 
the U1A F56W-RNA complex (c) Temperature jump on a 10 μM U1A K98W-RNA 
complex from 35-45 °C shows only a small amplitude. 
 
As can be seen by comparing Figs. 3.8A and 3.8B, the fast phase is not strongly 
temperature dependent: either its activation free energy ΔG †  is low, or ΔG †  
increases slightly with temperature.  We estimate ΔG† ≈ RT ln(2τ1k0 ) ≈ 25 kJ/mole  for the 
tight to loose transition.  To derive this, we made two assumptions.  We assumed that a 
prefactor k0=(10 ns)-1, derived from local loop rearrangement times by quenching 
experiments, is the right time scale for a local protein-RNA rearrangement; and we noted 
that the amplitude in Fig.3.7A-B is fairly temperature-independent, so we are near the 
midpoint of the transition where k1 f
−1 ≈ 2τ1 ,  
3.2.6 Stopped-flow kinetics 
Stopped-flow measurements complement dissociation kinetics in longer timescales 
that are no longer accessible by T-jump. Fig. 3.10 summarizes additional stopped-flow 
results, where protein and RNA concentration were jumped downward at constant 
temperature.  Only the millisecond phase in Figs. 3.7 and 3.10 has a large enough 
positive amplitude to account for the U1A-RNA unbinding step. Its amplitude was not 
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fully resolved by stopped flow, but a fit of the T-jump data in Fig. 3.6 holding τ2 constant 
at the stopped-flow value yielded an amplitude increase by a factor of 3, in agreement 
with ∆Gd (T). 
 
 
Figure 3.10. Stopped-flow kinetics measurements of the U1A F56W-RNA complex 
obtained by mixing (a) 10 μM U1A F56W and RNA at 35 °C (b) 10 μM U1A F56W and 
RNA at 45 °C and (c) 20 μM U1A F56W and RNA at 35 °C. 
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The slowest phase is independent of RNA-protein concentration, and it has negative 
amplitude.  Positive amplitude (Trp fluorescence increase) is expected upon lowering the 
protein-RNA concentration, which drives dissociation forward (Fig. 3.5).  The 
concentration independence and negative amplitude of this phase lead us to associate it 
with dynamics of the protein alone following dissociation, rather than the dissociation 
step.  We propose that this phase is related to slow equilibration of U1A after protein-
RNA dissociation. 
The medium and slow phases depend only weakly on temperature (Fig. 3.10), and the 
slow phase actually slows down at higher temperature.  Such behavior has been 
commonly observed in protein folding experiments, where the activation energy ΔG †  
depends on temperature.  A linear approximation ΔG † = ΔG †0 + ΔG †1(T − T0 )  is often used 
over a narrow temperature range.  In our case, ΔG†1 >0 for the RNA-U1A dissociation and 
U1A rearrangement reactions, so the reaction does not speed up as much as expected, or 
even slows down, at higher temperature. 
 
3.2.7 Global fit of the data 
Strictly speaking, the RNA-U1A dissociation phase (ms time scale) should not be 
fitted by a single exponential decay because it involves a reverse bimolecular reaction.  
The kinetic equation for the ‘loose’ RNA-U1A complex in the middle step of eq. (3) is 
 
 
d[PR ]loose
dt
= + k f 1[PR ]tight − kb1[PR ]loose − k f 2 [PR ]loose + kb 2 [P ][R ] , (4) 
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with corresponding equations for the other species.  For small concentration changes, the 
kinetic equations can be linearized.   [ P ] = P0 + Δ P ( t )  etc. yields bimolecular terms such 
as − k b 2 P0 Δ R ( t ) − k b 2 R 0 Δ P ( t )  resulting in exponential decays.  However, our temperature 
changes and concentration jumps are rather large (10 °C and factor 2, respectively).  Thus 
we combined T-jump and stopped-flow data in a global fit of eq. (4) and the remaining 
kinetic master equations, to make sure that the results of T-jump and stopped flow are 
consistent with one another.  We obtained fits of similar quality as in Figs. 3.6-9; in fact, 
many of the fitting parameters could not be constrained by the measurements, so we 
report only the independent analysis of the three distinct time scales given above. 
An important lesson from the global fit is that other kinetic schemes could also 
represent the data.  The most likely is the convergent scheme 
 
 
PR1
PR2
_
\ P + R
k3 f
k3b
⎯ →⎯← ⎯⎯ P '+ R . (5) 
Here the bound U1A-RNA states PR1 and PR2 do not interconvert, but one of them is a 
minority species that produces a lifetime change in Trp56 and dissociates rapidly, 
whereas the other does not produce a lifetime change and dissociates slowly. 
 
3.3 Discussion 
The global fit of the temperature jump, stopped flow, and equilibrium binding 
experiments are consistent with a three-step dissociation pathway with two intermediate 
states (Figure 3.10). The first step of dissociation may involve the relaxation of tight, 
close-range interactions, such as the aromatic stacking between Trp56 and A6 in the 
RNA or the hydrogen bond network formed between the RNA bases and the protein 
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functional groups. The fast increase in fluorescence observed after temperature-jump may 
be caused by a change in Trp56 orientation as a result of changed interactions with A6 in 
the loosely-bound complex that reduces the fluorescence quenching. The second or 
intermediate step at τ2 ≈ 50 ms is assigned to the bimolecular association or dissociation 
step. This step is proposed to involve the release of electrostatic and non-specific 
interactions and the removal of the RNA from the binding interface. The increase in 
fluorescence observed in this step may arise from the greater distance achieved between 
A6 and Trp56. In the third step, τ3 ≈ 2s, a slow decrease in fluorescence is observed. 
Upon release of the RNA from the surface of the β-sheet, the protein can fold back to its 
free conformation. For example, helix C can reposition itself across the β-sheet and form 
a hydrophobic pocket across the surface of the β-sheet, which reduces the solvent 
accessibility of Trp56 and decreases the fluorescence signal. Loop 3 that protrudes 
through the RNA in the complex could now rearrange back to its original conformation in 
the free protein. An alternative kinetic scheme also is consistent with the global fit of the 
data. This convergent scheme proposes two U1A-SL2 RNA states that do not 
interconvert and that have different lifetime changes and kinetics of dissociation. 
However, previously reported experimental and computational studies, which are 
discussed below, are consistent with the proposed 3-step kinetic scheme and do not 
provide support for two independent bound species. 
The three-step dissociation model proposed here is consistent with Nilsson and 
Tang’s molecular dynamics simulation studies on the U1A complex, which suggested a 
three-step binding mechanism98. They proposed an initial approach of U1A and 
influenced mainly by electrostatics, followed by movement of loop 3 through the RNA 
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stem loop (Arg52 H-bonds with A6 and G16, Glu H-bonds with U7) so that helix C is 
forced to move up, and finally U1A undergoes conformational changes in response to the 
RNA binding. This proposal was supported by studies of association and dissociation by 
SPR performed by Laird-Offringa et al.99 The results of these investigations suggested 
that the U1A complex is formed by at least two steps that they termed the “lure and lock” 
mechanism. The first step of association is dominated by electrostatic interactions 
between the positively charged residues in U1A and the negatively charged phosphate 
backbone of the RNA.  The second step is the locking of the complex by the formation of 
close-range interactions. Thus, these studies predict that dissociation proceeds by initial 
reorganization of the complex to weaken or loosen interactions between U1A and SL2 
RNA, followed by dissociation of the SL2 RNA and U1A protein. Mutation of Phe56 to 
Ala was found to increase the dissociation rate by 1400-fold, without altering the 
observed rate of association 100. This supports the proposal that the environment of Trp56 
changes in the first step of the dissociation model.  
The major conformational changes in U1A upon complex formation occur in loop 3 
and in helix C (Fig. 3.1)52, 39. Therefore, dynamical motions of these regions must be 
occurring during complex dissociation. In the NMR structure of U1A in the absence of 
RNA, helix C interacts with conserved residues in the RNA binding region on the surface 
of the β sheet that is the primary site of RNA recognition93, while in the complex helix C 
is positioned away from the β-sheet surface51. We previously characterized the dynamics 
of helix C by time-resolved fluorescence anisotropy and molecular dynamics simulations. 
Results from both the experimental and computational investigations support a 20° 
motion of the helix on a 2-3 ns time scale101-104. This motion is not a transition between 
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closed (free) and open (bound) structures, but occurs within the closed conformation. In 
the MD simulation studies, the bound U1A structure, with the helix in the open 
conformation, was investigated in the absence of SL2 RNA. The bound structure did not 
convert to the free structure under the conditions of the 5 ns MD simulation, suggesting 
that there is a barrier between the two conformations. The presence of a barrier is 
consistent with the assignment of the last and slowest step of the dissociation of the U1A-
SL2 complex to a conformational rearrangement of U1A that may involve helix C. 
Dynamic motions on the second time scale would not be detected by the time-resolved 
fluorescence anisotropy experiments. Characterization of the dynamics of the U1A 
protein by NMR has suggested that helix C is dynamic on the µs to ms time scale, but 
these experiments could not detect longer time-scale dynamical motions.  
NMR relaxation experiments and double mutant studies suggest that there is a 
network of coupled interactions between loop 3 and  Tyr13, Gln54, and Phe5639. Loop 3 
undergoes large conformational changes upon U1A dissociation from SL2 RNA, which 
would be expected to alter the environments of Gln 54, Tyr13 and Phe56 because of the 
network of coupled interactions. Thus, the Trp56 may not only be sensitive to 
“unstacking” with A6 in the RNA and to interactions with helix C in the free structure, 
but may also provide a record of the effect of unbinding on the environment of loop3, 
Gln 54 and Tyr13.  
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3.4 Conclusion 
Understanding the contribution of dynamics and conformational changes to the RRM-
RNA recognition process is challenging because it requires information over a wide-
range of time scales.  Our results here provide some new information in the dissociation 
kinetics of the U1A-SL2 RNA complex. The data we obtained here will hopefully 
contribute to the understanding of dynamics that occur in the short or longer time-scales 
influence the binding affinity and specificity of RRM-RNA complexes.  Further 
mutational studies were needed to confirm each step that has been assigned in the kinetic 
model, particularly the one attributed to the helix C conformational rearrangement.   . The 
precise motions associated with conformational changes in a specific region of the U1A 
like loops and beta strands can be probed by putting Trp in these different positions. 
 
3.5 Materials and Methods 
3.5.1 Protein Purification 
 The expression vector for the N-terminal domain of U1A was obtained from 
Nagai.105 The Phe56Trp (F56W) and Lys98Trp (K98W) mutations were introduced using 
standard Kunkel mutagenesis methods.106 The DNA sequences of the mutants were 
confirmed before the His6-containing plasmids were transformed into E. coli strain 
BL21DE3 (pLysS) competent cells. They were grown in LB medium and induced with 1 
mM IPTG at OD600 = 0.80. The cultures were further grown for 5-6 h after induction. The 
cells were pelleted, resuspended in 10 ml of lysis buffer (50 mM KCl, 10 mM KHPO4 pH 
7.5-8.0, 20 mM imidazole, 1 mM PMSF) and lysed by ultrasonication. The lysate was 
loaded in 1 ml Ni-NTA column and the proteins were eluted with elution buffer (50 mM 
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KCl, 10 mM KHPO4 pH 7.5-8.0, 500 mM NaCl, 300 mM imidazole). Fractions 
containing the protein samples were pooled and dialyzed against lysis buffer without 
imidazole. Protein concentration was determined by Bradford assay, the protein identity 
was confirmed by low resolution ESI-mass spectrometry.  The purity of the proteins was 
assessed by SDS-PAGE.  
3.5.2 Equilibrium Binding Assays 
The equilibrium binding of SL2 RNA to the U1A protein was monitored by 
electrophoretic gel mobility shift assays. 32P-labeled SL2 RNA (0.025 nM) was incubated 
in varying amounts of U1A protein for 30 min at room temperature in a buffer containing 
10 mM KHPO4, pH 7.4, and 300 mM KCl. After addition of glycerol to a final 
concentration of 5%, the bound and free RNA were separated using an 8% 
polyacrylamide gel (80:1 acrylamide:bisacrylamide, 15 cm x 40 cm x 1.5 mm) in 100 
mM Tris-Borate pH 8.3, 1mM EDTA, 0.1% Triton X-100 for 35 min at 350V. The 
temperature of the gel was maintained at 25 °C by a circulating water bath. Gels were 
visualized on a Molecular Dynamics Storm phosphorimager. Fraction RNA bound versus 
protein concentration was plotted and curves were fitted to the equation: Fraction bound 
= 1/(1+Kd/[P]T). All binding measurements were performed with a greater than 10-fold 
excess of protein over RNA in each binding reaction used to determine the Kd so that [P] 
would be approximately equal to [P]Total. 
3.5.3 Fluorescence Emission Measurements 
The steady-state fluorescence emission spectra of both the U1A and U1A-SL2 
RNA complex were acquired using a Fluoromax-3 Spex spectrofluorometer (Jobin Yvon, 
Inc.). The excitation and emission slit widths were 4 and 8 nm, respectively. The 
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excitation wavelength used for all experiments and conditions was 295 nm.  
Measurements performed at 25 oC, 35 oC and 45 oC for protein samples and those with 
RNA titrations in 10 mM KHPO4, 300 mM KCl, pH 7.4.  A thermocouple was used to 
confirm the sample temperature. For measurements with RNA, the solution was allowed 
to equilibrate after titration with RNA for at least 30 seconds before a scan is made. 
 
3.5.4 T-jump Kinetic Experiments 
 Laser-induced T-jump relaxation kinetics for the U1A and the equilibrated U1A-
SL2 RNA with single tryptophan reporter (F56W and K98W) were measured using a 
home-built T-jump apparatus, which is described in detail elsewhere107.  All 
measurements were carried out in 300 mM KCl, 10 mM KHPO4, pH 8 buffer. The 
protein concentrations used were 5 to 20 μM varying the ratio of U1A:RNA from 1:1 to 
1:2 and 2:1, respectively, to check for transient aggregation. The dissociation of the 
complex was initiated by a short (<10 ns) IR heating pulse from a Q-switched Nd:YAG 
laser. The unbinding process was monitored by collecting fluorescence lifetime decays 
obtained upon exciting tryptophan fluorescence at 280 nm from a tripled Ti:Sapphire 
laser.  Fluorescence decays were averaged and analyzed to improve signal-to-noise ratio. 
We analyzed the data by fitting the decays to a linear combination of two fluorescence 
profiles, f1 and f2, where f1 represents the fluorescence profile before the T-jump and f2 
represents the fluorescence profile a long time after the T-jump. The fluorescence profiles 
at intermediate times are then fitted by the following equation:   
f  =  a1f1 + a2f2,   
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and a parameter χ1, defined by χ1 = a1/(a1+a2), was plotted as a function of time. The 
parameter χ1 thus tracked how the fluorescence profile changed from a bound U1A-RNA 
complex to an unbound state. It may be thought of as tracking the mole fraction of bound 
complex as a function of time.   
 
3.5.5 Stopped-flow fluorescence measurements 
Stopped-flow fluorescence measurements were performed using SX-20 Series 
KinTek spectrophotometer.  The tryptophan fluorescence emission was measured by 
setting the excitation wavelength at 280 nm. Fluorescence emission was monitored 
through a 315 long-pass filter and 2 mm slit width. The instrument’s mixing time is ~3 
ms with a dead time ~ 2ms. Fluorescence scans were collected in 2, 5 and 10 s data files, 
each file consists of 1000 data points but only those data at 10 s were used for 
calculation.  At a specified temperature, either 35 oC or 45 oC, U1A-RNA complex 
solution from one syringe is mixed rapidly with the buffer (10 mM KHPO4, 300 mM 
KCl, pH 7.4) from another syringe. Different sample concentrations ranging from 5 μM 
to 20 μM were measured to check the concentration-dependence of the rate-constants. 
The 5-20 μM concentrations represent the concentration before mixing. For each sample, 
at least five to six individual scans were measured to give one data set.  
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Chapter 4 
Helix C Dynamics Studies by Tryptophan Fluorescence Quenching 
 4.1 Introduction 
 The aromatic amino acids tryptophan, tyrosine and phenylalanine are the sources of 
intrinsic protein fluorescence. Tryptophan (Trp) is the most widely used fluorescent probe 
among these amino acids  and is used to study protein conformation, dynamics and 
intermolecular interactions1.  It has been extensively used for decades to study protein dynamics 
by measuring changes in its lifetime, quantum yield, emission maximum and fluorescence 
anisotropy2-5. Its indole functional group is a sensitive chromophore that detects changes in its 
local environment, depending on its solvent exposure, making it ideal to monitor interactions 
with other molecules.  The emission of exposed residues occurs at longer wavelengths than those 
residues that are buried or less accessible 1, 6. If the position of the Trp in a protein structure is 
known, its fluorescence is a good method to monitor the conformational changes that the protein 
undergoes, allowing the investigation of the local structural changes that the protein undergoes. 
These structural changes can be significant to protein functions, protein binding, folding and 
unfolding1, 7, 8.   
 Fluorescence quenching has been studied both theoretically and experimentally6, 10.  It is 
a valuable probe of surface accessibility of Trp and can be used to investigate protein-ligand 
interactions and protein conformational changes11, 12.  Various amino acid functional groups have 
been reported to quench Trp fluorescence at a detectable rate (kobs > 40 s-1), including Cys, His, 
Tyr and Phe,  with the quenching effectiveness for rotationally unrestricted side chains ranking 
in the order Cys >> His+ > Tyr >> Phe13. Studies performed by Chen and Barkley1 confirmed 
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that cysteines and charged histidine are the best quenchers of Trp in proteins by excited-state 
electron transfer. 
The excited state electron transfer from the indole group to an electrophilic acceptor is 
the most common quenching mechanism in proteins1, 14-16. According to Barkley and co-
workers1, the ability of His and Cys  to act as Trp quenchers is related to their ability to act as 
electron acceptors.  The basic requirement for fluorescence quenching is the collisional 
interaction between the fluorophore and the quencher. This can be viewed as the appropriate 
overlapping of their electronic orbitals, which can be achieved either by dynamic or static 
collision6. In order to understand the collisional quenching process, the Stern-Volmer 
proportionality constant (Ksv) needs to be considered.  
Φo/Φ or Mo/M = 1 + Ksv [Q]  (4.1) 
Ksv in equation 4.1 is the Stern-Volmer constant, Φo and Mo are the quantum yield and emission 
intensity without the quencher Q, respectively, while Φ and M are the same quantities in the 
presence of the quencher. The two essential factors that determine Ksv are the steric accessibility 
and the electrostatic accessibility of the quencher to the fluorophore 14. A distance (~2-3 Å) for 
molecular contact is a requirement for quenching reactions. In theory, electron transfer may 
occur through-space or through-bond over distances as great as <10Å 1, 17, 18.  Quenching of the 
intrinsic protein fluorescence either from Trp or Tyr is widely used to study enzyme interactions 
with their substrates and effectors19. In a pH-dependent fluorescence quenching study of Trp 
residues in β-lactamase from E. coli, histidine residues in proximity with the Trp residues were 
reported to contribute to a large portion of the Trp fluorescence emission quenching17.   
In our time-resolved fluorescence anisotropy studies in chapter 2, we have characterized 
a 2-3 ns, 20o motion of helix C constrained in a closed conformation form. These results 
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supported an induced fit mechanism of binding.  In chapter 3, our kinetic data on the U1A 
complex dissociation showed an event (∼2 s) which is the last step in the proposed model as a 
conformational rearrangement of the protein. We refer this step as the reorientation of helix C 
such that after dissociation, when the RNA is no longer in the vicinity of the β-sheet, the helix 
can go back to its position as in the free protein. However, we do not have evidence that this 
slow rearrangement in U1A is indeed that of helix C. In order to further investigate the dynamics 
of helix C, we decided to make use of Trp fluorescence quenching. We selected amino acids that 
are in close proximity to the F56W and mutated them to His and Cys. NMR and X-ray crystal 
structures of the U1A and the complex and analysis using MOE were used to identify several 
positions (90 and 94 in the helix C) to be approximately 3-5 Å away from F56W in the free 
protein structure (Figure 4.1) and 10-14Å away in the bound form.  The main hypothesis of the 
study is that in the free protein, Trp is close to Cys/His and fluorescence quenching is expected. 
In the bound form or during titration of the protein with RNA, helix C moves away from the β-
sheet, and a longer distance is introduced between Trp and Cys or His to decrease quenching.  
The results that will be obtained in these investigations will provide time-resolved information 
concerning the conformational rearrangement of helix C during association and dissociation of 
the complex. 
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Figure 4.1. Overlay structures of the free and bound U1A protein showing Ile94, Asp90 
and Phe56 positions. The free protein is shown in blue and the bound form in orange20, 21. 
 
 
4.2 Experimental design 
 The goal of this study is to investigate the fluorescence properties of F56W U1A protein 
in the presence and in the absence of histidine and cysteine that act as tryptophan quenchers at 
designated locations. The Trp at position 56 is in the β-sheet of the protein, while the Cys and 
His residues are placed in the helix-C of the U1A. The free protein solution structure showed that 
helix C occludes the β-sheet and thus, forms a hydrophobic pocket that makes the β-sheet 
inaccessible to the RNA. However, in the co-crystal structure of the complex, helix C was shown 
to move away from the β-sheet exposing it as the binding interface for interactions with the RNA 
(Figure 4.2). Our time-resolved fluorescence spectroscopy data showed that helix C is dynamic 
even in the free form of the protein, where it moves in a 20o angle restriction on a 2-3 ns 
timescale. To further study helix C motion and use the tryptophan as a fluorescence probe, we 
introduced histidine and cysteine amino acids as quenchers. Tryptophan is placed in F56W 
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position in the β-sheet while His, Cys or both were placed strategically in the helix C.  The 
design of the mutations here is such that in the single mutant, F56W, there is no expected  
 
Figure 4.2. Overlay of the free (red) and bound (blue) structures of the U1A protein highlighting 
the position of helix C (pdb 1FHT and 1URN).20, 21 
 
fluorescence quenching in the free protein. In the F56W with His, Cys or both mutations, the His 
or Cys is in the helix C will be close to F56W (∼2-4 Å) to allow quenching. Hence, tryptophan 
fluorescence is expected to be quenched in the free protein. Upon the addition of the RNA, helix 
C is expected to move away from the surface of the β-sheet and thus increases the distance 
between F56W and His/Cys. This is expected to relieve the quenching process and hence, an 
increase in the fluorescence intensity is expected. Since RNA binding also quenches 
fluorescence, addition of RNA to saturate the U1A will also quench the fluorescence. Thus, we 
should observe quenched fluorescence followed by high fluorescence upon binding and then 
quenched as the protein binds the RNA. 
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4.3 Preliminary results 
4.3.1 Mutant protein preparation and binding assays 
 Single, double and triple mutants containing Trp, His, Cys or both were prepared by 
standard Kunkel mutagenesis22. After the identity, purity (Figure 4.3) and concentration of each 
mutant protein were confirmed, their binding to the SL2 RNA was monitored by electrophoretic 
mobility shift assay where the RNA was labeled with 32-P (Figure 4.4). The details of this assay 
are described in Chapter 2. The incorporation of Trp at position 56 does not alter binding.   
 
Figure 4.3. SDS-PAGE of U1A mutants. 
 
Figure 4.4. Representative EMSA gels of the U1A protein mutants. 
 
 
 
 
104
However, the single and double mutants containing Cys, His, or both, bind much weaker than the 
WT or the parent F56W mutant to SL2 RNA (Table 4.1).  
 
Table 4.1 SL2-RNA binding properties of the U1A mutant proteins.  
 
 
 
 
  
 
Helix C (92-98) in U1A is a short helix with only two complete turns and lies diagonally 
across the central portion of the β-sheet surface. In the free protein, its position is stabilized by 
the hydrophobic interactions between Ile93, Ile94, Met97 with Met51, Leu44, Phe56 and Ile5823 
to form a buried surface area of 590 Å2. In the complex, residues 88-92 interact with the RNA 
and the helix C position is now defined by the hydrophobic interactions between Ile93, Ile94 and 
Met97 within helix C and His10, Leu41, Leu58 and Ile6223. Mutations at position 90 and 94 
could have introduced steric effects and other structural changes that cause some destabilization 
of the complex. This is prominent in I94H/F56W and D90C/I94C/F56W mutants for which there 
is 1000-fold decrease in binding affinity compared to the parent F56W mutant. 
4.3.2 Fluorescence emission 
 The intrinsic fluorescence of the U1A mutants was obtained by excitation at 295 nm. 
Fluorescence emission spectra of each protein solution were obtained before and after titration 
          Protein 
WT 
  Kd (M) 
1.0 (± 0.1) x 10-10 
F56W 8.0 (± 1.0) x 10-10 
D90CF56W 4.0 (± 3.0) x 10-9 
D90HF56W 3.5 (± 0.9)x 10-9 
I94HF56W 1.0 (±0.8) x 10-7 
D90CI94CF56W 2.0 (± 0.2) x 10-7 
 
 
105
with RNA.  RNA binding quenches the fluorescence intensity significantly (Figure 4.5). 
D90HF56W, I94HF56W and D90CF56W mutants’ fluorescence emission seem already 
quenched compared to F56W. Further fluorescence and circular dichroism experiments using 
guanidinium hydrochloride denaturation need to be conducted to confirm that the quenching of 
fluorescence is indeed due to the quenchers introduced. 
Fluorescence emission intensity of U1A mutants
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Figure 4.5. Fluorescence emission intensity of the U1A mutants with SL2 RNA titration. 200 μL 
of 5 μM protein solution was titrated with RNA, each titration is a 1μL addition of 150 μM RNA 
solution adding 0.15 mole each time. 
 
The preliminary data obtained here are not enough to draw conclusions yet with respect 
to the success of the experimental design and subsequently, about the conformational changes of 
helix C. Further kinetic experiments need to be conducted such as stopped-flow and temperature-
jump fluorescence to probe helix C dynamics in this context. 
 
 
106
4.4 Materials and Methods 
4.4.1 Protein expression and purification  
The expression vector for the N-terminal domain of U1A was obtained from Nagai24. 
Cysteine, histidine and tryptophan mutations were introduced by standard Kunkel mutagenesis 
using single oligonucleotides with  the coding sequences  UGC, CAC and UGG in designated 
positions22.  Protein purification was conducted using His6-tag. Protocol details are presented in 
Chapter 2. 
4.4.2. RNA Radiolabeling and equilibrium binding assay 
 Electrophoretic mobility shift assays (EMSA) using P-32 radiolabed SL-RNA were 
conduted to determine the dissociation constants of the prepared U1A mutant proteins. Detailed 
protocols are in Chapter 2. 
4.4.3 Fluorescence emission 
 Steady-state fluorescence experiments were carried out on a FluoroMax-3 Spex 
spectrofluorometer from Jobin Yvon Inc. Experiments were performed at 25 °C in 50 mM KCl, 
10 mM KHPO4, pH 7.4. Excitation and emission slits were set to 4 nm and 8 nm, respectively. 
Emission spectra were obtained by exciting the samples at 295 nm.  
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Chapter 5 
Investigation of Cooperative Interactions in the U1A-RNA Complex 
 
5.1     Introduction 
Understanding the mechanism of protein-RNA recognition has been challenging. Specific 
functional groups on amino acids that interact with RNA nucleotides are important determinants 
for RNA recognition. However, besides these individual interactions, conformational changes, 
dynamical processes and cooperative interactions also control target discrimination and 
recognition. Cooperative interactions play essential roles in biomolecular recognition, binding 
and catalysis.  Proteins cooperatively bind their targets using one or more of their structural 
motifs1.  Cooperative interactions link the behavior of amino acids within the protein molecule 
such that the effects of perturbation  given to one residue is “sensed” or propagated to very 
distant locations in the protein2 .  These interactions are not only seen in the binding of multiple 
motifs but also in the quenching of motion upon complex formation and the correlated motion of 
loops and other regions in the protein and the RNA.  
The U1A protein is a model system in studying RRM-RNA interactions.  Its N-terminal 
domain binds stem loop 2 RNA with high affinity and specificity (Kd < 10−9 M)3; 4; 5. It contains 
conserved and exposed residues that are energetically coupled through a network of interactions 
in the β-sheet6. The structure of the complex shows the stacking of two highly conserved 
aromatic amino acids on the β-sheet with bases in the single-stranded loop region of the RNA.  
Tyr13 stacks with C5 and Phe56 stacks with A6, which stacks with C77 (Figure 5-1).  A C-
terminal α-helix has been shown to be important for the binding of RNA by U1A 8; 9.  The crystal 
structure shows that loop 3 (β2-β3 loop) formed a 3-10 helix and was anchored by H-bonds to 
Gln54.  Loop 3 protrudes through the SL2 RNA loop by nucleotide-specific H-bonding with the 
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Figure 5-1. (A) The N-terminal RRM of the U1A in complex with SL2 RNA and the 
SL2 RNA secondary structure where the recognition sequence is highlighted in red – PDB ID 
1URN.7 
C-G base pair closing of the loop 7. Loop 1, loop 3 and residues Thr89-Asp90-Ser91 were shown 
to be important for specificity in the binding of SL2 RNA by U1A 10; 11; 12; 13.  Kranz and Hall6 
showed Tyr13 and C-terminal residues bind cooperatively to the RNA.  In the same study6, 
thermodynamic cycle analysis was conducted on Tyr13,Gln54 and Phe56. NMR data showed 
that these conserved amino acids are energetically coupled with other residues in the β-sheet and 
loop 3 that influence RNA recognition.  Energetic coupling by double mutant cycles was 
observed between Tyr13 and helix C upon binding to RNA9.  Phe56 was also thought to 
contribute to the cooperative interactions6.  In a previous work by the Baranger group, mutation 
of Phe56 to Ala destabilized the complex by 5.5 kcal and suggested that Phe56 plays a critical 
role in RNA recognition by stacking with A6, and has energetically coupled interactions with 
A614.  In another study by the same group, stacking interactions were observed to compensate for 
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the loss of H-bonding capable functional groups in the RNA nucleobases15.  It was also shown 
that U1A has specificity for purines by discrimination against incorrect functional groups, and 
recognition of the acceptors and donors of the base16.  The energetic contribution of the RNA 
secondary structure to the complex stability was determined to be 3.5 kcal/mol17.  Hydrogen 
bond elimination by modifying the an essential RNA base, A6, only destabilized the complex by 
2.0 kcal/mol with alteration in the specificity15.  To be able to compensate and maintain a stable 
complex with F56A mutation, A6 in the RNA was modified selectively to maintain stacking that 
was eliminated by the F56A mutation.  Studies have shown that A-4CPh selectively stabilized 
the complex and results suggest that RRM-RNA complex stability can be maintained by a 
strategic design of the binding interface18; 19; 20.  All these and other thermodynamic and 
biophysical results pointed out three cooperative networks of interactions in the U1A-SL2 RNA 
complex.  These are: network 1 that contains interactions from Tyr13 through C5 and Phe56  
 
 
 
Figure 5-2. (A) Energetic coupling between Tyr13, Phe56 and the C-terminal residues Lys96-
Phe101 (B) Energetic coupling between res Tyr13, Gln54 and loop 3 residues (C) energetic 
coupling between Gly53, loop1, loop3 and the TDS linker 21  
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through A6 and C7, RNA to the C-terminal residues Lys96-Phe101; network 2 that contains 
interactions from Tyr13 to Gln54 and the loop 3 residues through the RNA through the RNA and 
to the closing C-G base pair and A1; and network 3 for interactions from Gly53 through loops 1 
and 3, TDS linker (Figure 5-2).  
In a MD/DCCM analysis conducted by Kormos, Baranger, et al.22; 23, inter-residue 
cooperativity and networks are predicted based on calculated positional cross-correlation of 
atomic fluctuations.  In this type of analysis, a covariance matrix of atomic fluctuations is 
generated to see whether amino acids in the protein or bases in the RNA have correlated motion 
or fluctuations.  The hypothesis is that correlated fluctuations contribute to cooperativity and 
thermodynamic coupling. Data showed concerted fluctuations were exhibited by residues beyond 
the binding interface of the U1A and throughout the RRM.  These findings confirm that known 
cooperative interactions showed correlated fluctuations. 
Among the residues in the three proposed cooperative networks, Gln54 is one of the 
residues in the MD/DCCM studies that showed strong correlation with Tyr13 and loop3 residues.  
In the MD studies conducted by Kormos and Baranger, the Ile14-Gln54 and Asp42-Gln54 pairs 
showed stronge correlated fluctuations.  Ile14 is in the β1 strand, Asp42 in β2 and Gln54 is in β3 
of the β-sheet of U1A (Figure 5-3). Ile14 is in an adjacent β-strand with side chain directed 
towards the opposite face of the B-sheet, toward the interior of the protein. It is found to be 
involved in correlated fluctuations that contact RNA – Gln54, Asp90 and Tyr86.  This residue 
could have an important contribution to RNA binding without directly interacting with RNA. 
 The common experimental strategies to determine cooperativity in macromolecular 
systems are alanine scanning, site-directed mutagenesis, and the use of double-mutant cycles 
between residues24; 25.  In order to investigate the cooperative interactions that are suggested by 
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the MD/DCCM studies of Kormos, Baranger, et al.22; 23, we decided to conduct double mutant 
studies. These double mutants are amino acid pairs that have been identified in the covariance 
analysis.  The experimental data from the double mutant cycles will probe that energetic 
coupling can be predicted by knowledge of correlated fluctuations identified in simulated 
structures.  
There is data that suggests that Gln54 has an important role in the early steps of complex 
formation, in interactions with neighboring residues, and in positioning G4, and in positioning 
Lys50 and Arg52 as β2-β3 loop 3 rearranges through the RNA loop upon binding.  Gln54Glu has 
a faster dissociation rate than Ala mutant and Gln54Asn binds weakly to RNA26. Mutation of 
Gln54Ala or Gln54Glu decreases binding by three to five-fold. Gln54Glu exhibited ~ 4000x fold 
loss in the complex stability and ~20x loss in association rate27.  The kinetic studies performed 
by Laird-Offringa, et al, and Tang and Nilsson, suggest that Gln54 plays a significant role in the 
second step of the association process, where hydrogen bonds are formed between Arg52 and 
G11 in the C-G base pair at the top of the RNA stem and to the loop base A1.  This step could 
also involve the formation of hydrogen bonds between Arg52 and the main chain carbonyls of 
the β2-β3 loop residues.  The stacking of Gln54 with G4 may help position residues in the β1 
strand and β1-α1 loop for interaction with U2 and U3.  Hydrogen bonding of Gln54 with Tyr13 
may contribute to stacking of Tyr13 with C5.  To explore energetic coupling between Ile14, 
Gln54 and Asp42, single alanine mutations and Ile14/Gln54 and Asp42/Gln54 for double alanine 
mutations were constructed We aim to integrate theory, computational results and the 
experimental data that will be obtained in this study to build a model of the cooperative networks 
of interactions in the U1A-SL2 complex. 
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5.2     Results and Discussion 
In order to investigate if there is a direct relationship between the correlated fluctuations 
in the computational studies and cooperative interactions by experimentation, we have chosen 
several positions to determine local cooperativity between I14, D42, and Q54 as predicted by 
computational studies.  Understanding how these residues couple in order to create a unique 
binding interface helps better understand RRM-RNA recognition. 
 
 
 
Figure 5-3. (A) Location of the selected residues for Ala mutation in the U1A (B) Amino acid 
sequence of the 102-aa U1A; PDB ID 1URN7. 
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5.2.1 Alanine mutations of Ile14, Asp42, and Gln54 
 In order to determine the contribution of I14, D42 and Q54 to the stability of the 
complex, each of these amino acids were mutated to Ala and the binding affinity of each mutant 
protein was characterized by gel-shift assay.  Figure 5-4 shows representative gels from the 
binding assay of the Ala mutants, and Table 5-1 shows the average dissociation constant of the 
mutant proteins. Each single mutation at positions 14, 42 and 54 causes a reduction in the 
binding affinity of the complex, although the destabilization from I14A and D42A is not much 
less than for Q54A.. Ile14Ala reduced binding by 1.63-fold, while Asp42Ala reduced binding by 
almost 3-fold less than the wild-type. In contrast, Q54A destabilized the complex by a 5.0 kcal/mol. 
This result is reasonable since mutation of Gln54 to Ala removes the Gln54 hydrogen bonding to 
Tyr13, Lys50 and Arg52, and its stacking interaction with G4. This was supported by the 
simulation studies conducted by Offringa and co-workers with Gln54Ala, Gln54Glu and 
Gln54Asn27.   
 
 
Figure 5-4. Representative gels from EMSA-PAGE of the U1A Ala mutants in complex with 
SL2 RNA. 
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Table 5-1. Binding free energies of the U1A Ala mutants with SL2 RNA. 
Protein     KD (M)a          G (kcal/mol)b     G (kcal/mol) c  KD mut/WT d
U1A WT  2.76 (±1.2) x 10‐10  12.9 ± 0.1 
 
   
I14A  3.83 (±1.7) x 10‐10  12.6 ± 0.3  0.03  1.63 
          D42A  1.80 (± 0.8) x 10‐9  12.3 ± 0.1  0.06  2.68 
Q54A  3.80 (±1.60) x 10‐7  7.87 ± 0.3  4.92  4350 
I14AQ54A  5.60 (±2.5) x 10‐7  7.87 ± 0.5  5.03  5260 
D42AQ54A  2.94 (±1.31)x 10 ‐6  7.18 ± 0.2  5.72  16700 
The reported KDa is the mean of at least five separate measurements. The standard deviation of 
these measurements is also shown. b∆G is the free binding energy in kcal/mol and calculated 
from ∆G=-RTlnKd, where T=298K; c∆∆G is the change in the free binding energy of Ala 
mutation compared to the wild type. dKD mut/wt is the fold increase of the KD due to the 
corresponding mutation. 
 
5.2.2 Local cooperative interactions in I14, D42 and Q54 
 To determine if there are local cooperative interactions between the paired amino acids 
Ile14-Q54 and Asp42-Q54, double mutants Ile14Ala/Gln54Ala and Asp42Ala/Gln54Ala were 
constructed. Their binding affinities were also measured by gel-shift assays. Simultaneous Ala 
mutations at positions 14 and 54 caused a very large complex destabilization of 5.0 kcal (5,000-
fold less binding), while simultaneous mutations of 42 and 54 caused a 5.72 kcal/mol 
destabilization (16,000-fold less binding). Double mutant cycle analysis was conducted to 
determine the coupling energies between the paired residues (Figure 5-5 and table 5-2). Ile14-
Gln54 has a coupling energy of 0.08 kcal/mol, while Asp42-Gln54 has a coupling energy of 
0.74 kcal/mol.  It is surprising to find that Ile14 and Gln54 do not cooperate, which was not 
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predicted by the computational results23.  These two residues were predicted to have strong 
correlated fluctuations in the complex formation.  This suggests that there are no long-range 
interactions between these residues. Using an interactive molecular graphics program called 
Chimera, the distance between Ile14 and Gln54 was determined to be ~ 8 Å and ~ 18 Å for 
Asp42 and Gln54.  
 Asp42 and Gln54 are coupled with each other by 0.74 kcal/mol. The positive sign 
indicates a loss of interaction energy or simply a negative local cooperativity between the two 
residues.  In other words, the destabilization caused by the mutation of both Ile14 and Gln54 is 
larger than the sum of the destabilization caused by each mutation. Gln54, along with Phe56 and 
Tyr13, are believed to be the center of direct and indirect interactions in the complex6.  
 
Figure 5-5. Two-dimensional thermodynamic cycles of (A) I14AQ54A and (B) D42AQ54A. 
The binding free energy changes caused by Ala mutation are reported in Table 5-1. 
 
Table 5-2. Calculated coupling energies of the amino acid pairs. 
Mutant  ∆∆Gsum (kcal/mol) ∆∆Gcoop(kcal/mol) KDmut/wt fold increase due to mutation
I14AQ54A  5.03  0.08 5260 
D42AQ54A  5.72  0.74 16700 
 
The Gln54Ala mutation removed the hydrogen bonding to Tyr13 and could have adverse effects 
on the positioning of the phenyl ring of Tyr13 to a position that is not favorable to stack with C5.  
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This mutation also removes the hydrogen bonds formed between the side chains of  Lys50 and 
Arg52 in loop 3 and the RNA stem loop26.  The removal of these hydrogen bonds could disrupt 
the loop structure, thereby affecting the complex stability. Hence, mutation of Gln54 to Ala has a 
very deleterious effect to the complex stability. Although the single Asp42Ala mutation does not 
cause much complex destabilization, the Asp42Ala/Gln54Ala did cause a large decrease in 
binding (16,000-fold). This double mutation must have introduced a large change in the 
structure and conformation of the U1A affecting the recognition and binding to the RNA.  
 
5.3     Conclusion 
 RRMs recognize and bind their RNA targets involving a network of cooperative 
interactions that make use of the conserved residues to contribute to RNA recognition. The 
identification of the binding interface should not be limited to the identification of the obvious 
hydrogen bonding or stacking interactions, and direct RRM-RNA contacts, but the entire RRM 
or multiple RRMs must be considered to understand fully the mechanism of recognition and 
binding.  
A few amino acid positions have been explored here to investigate linkage of coupling 
interactions in the U1A system. No cooperative interactions have been observed between Ile14-
Gln54 pair as opposed to the findings in the previous simulation studies, where strong correlated 
fluctuations were seen in this pair23. The Asp42-Gln54 pair shows a negative local cooperativity. 
This may imply that any perturbation of the structure or dynamics in the β-sheet can be 
propagated through the entire binding surface thus affecting the RNA-binding affinity. There are 
still other networks that consist of many other residues that have been pinpointed in the 
computational studies as source of cooperative interactions.  It will be worth investigating if 
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these networks really exist and what other residues away from the binding interface contribute to 
binding. The identification of sites or residues that highly contribute to the binding affinity and 
specificity but are distal from the binding surface is a powerful tool in targeting modification 
sites to alter affinity, control or inhibit processes that involve protein interactions.   
 
5.4     Materials and Methods   
5.4.1 General procedures for purification of nucleic acids 
        Oligonucleotide primers and RNA were purchased from IDT and Dharmacon, respectively.  
Samples were purified from denaturing acrylamide gels. To make gels, a solution containing 24 
mL SequaGel concentrate, 43.5 ml SequaGel Dilute and 7.5 mL SequaGel buffer from National 
Diagnostics was prepared. Five to ten mL of the gel solution was combined with 10 µl 
tetramethylethylenediamine (TEMED) and 20 μl of 10 % ammonium persulfate and poured into 
the assembly to serve as gel plugs. After 15-20 minutes to allow polymerization of the plugs, the 
remainder of the solution was combined with 140 μl of TEMED and 280 μl of 10 % APS to 
initiate polymerization, mixed well, and poured quickly between the glass plates and the comb is 
inserted. The gel was left to polymerize for at least an hour. In preparation for electrophoresis, 
buffer chambers were filled with 1x Tris-Borate-EDTA (TBE) buffer and the gel was 
electrophoresed at 50 W for 30-45 minutes. Equal volume of samples were mixed with 
formamide solution (9 mL formamide, 1mL 10 x TBE, 0.0025 g xylene cyanol and 0.0025 g 
bromophenol blue). Gel wells were cleaned by flushing with buffer using a syringe. Just before 
loading, the samples were heated at 90 oC for two minutes and cooled on ice. The gel was then 
allowed to run at 50 W until the tracking dye had moved through at least 80% of the gel.  
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        After running, the gel was removed from the plates and wrapped with a plastic wrap. The 
gel was placed above a TLC plate and sample bands were visualized using a short-wavelength 
UV lamp, cut out, and transferred into autoclaved 2 mL Eppendorf tubes. Gel pieces were 
crushed and ground to the smallest possible size using pipet tips and then resuspended with 0.5 
mL of 0.3 M sodium acetate pH 5.2. The tubes were left shaking and/or rocking overnight at 
room temperature. The following day, samples are centrifuged to suspend gel fragments. Around 
1 mL of 95% ethanol was added to the supernatant, mixed, and allowed to stand at –20 oC for at 
least 2 hr. The solutions were centrifuged at 4 oC at highest speed for 30 min. The supernatant 
was decanted and the pellet was washed twice with 200 µl 70 % ethanol and speed vac-dried. 
Purified oligos and RNA samples were resuspended in 1x TE buffer to make stock solutions. The 
concentrations were measured at 260 nm and solutions are stored at -20oC until use.  
5.4.2 Protein expression and purification 
The expression vectors for U1A mutants were constructed by Kunkel mutagenesis28. 
Proteins were expressed as His6-tagged fusions in E. coli strain BL21(DE3) pLysS and purified. 
These protocols are described in detail in Chapter 2. 
 
Figure 5-6. Analysis of the purity of the U1A mutants by 12 % SDS-PAGE. Molecular weight 
markers are in kDa. Unlabeled lanes are for older protein prep.  
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Figure 5-7. Electrospray ionization mass spectrum of the U1A mutant I14A Calculated MW: 
13714 daltons. Observed MW: 13716 daltons. 
D42A
13712
 
Figure 5-8. Electrospray ionization mass spectrum of the U1A mutant D42A. Calculated MW: 
13712 daltons. Observed MW: 13716 daltons. 
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Figure 5-9. Electrospray ionization mass spectrum of the U1A mutant Q54A. Calculated MW: 
13699 daltons. Observed MW: 13700 daltons. 
 
Figure 5-10. Electrospray ionization mass spectrum of the U1A mutant I14AQ54A. Calculated 
MW: 13657. Observed MW: 13659 daltons. 
 
 
124
 
Figure 5-11. Electrospray ionization mass spectrum of the U1A mutant D42A/Q54A. Calculated 
MW:  13655 Observed MW: 13656 daltons. 
 
5.4.3 RNA radiolabeling and equilibrium binding  
  Electrophoretic mobility shift assays (EMSA) using radiolabeled P-32 RNA were used to 
determine the dissociation constants of the U1A proteins to RNA. Protocol details are in Chapter 
2.  
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Figure 5-12. Schematic map of the pCANTAB 5E phagemid vector. The coding sequence of the 
N-terminal RRM of U1A was inserted between two restriction sites: sfi I and Not I. The 
constructed phagemid vector is called pS101N. Other key regions of the phagemid for expression 
and packaging are indicated [Copyright © 2009 Amersham Pharmacia] (permission pending). 
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